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and  time.  Significant  variabilities  in  the  vertical  profile  are  represented 
by  a  set  of  thermal-structure  parameters — absolute  values,  gradients  and 
curvatures.  Special  provision  is  made  for  fine-resolution  of  thermal 
structure  in  the  vicinity  of  the  Primary  Layer  Depth  and  for  restricting  flow 
of  information  across  land  barriers.  LOTS  may  be  used  for  real-time 
synoptic  analyses  and,  utilizing  available  data  bases,  for  production  of 
historical  sequences  and  climatologies.  A  wide  variety  of  optional 
outputs  includes  horizontal  and  vertical  sections  of  temperature  and 
sound  speed. 

This  Report  provides  a  comprehensive  account  of  the  FIB  information¬ 
processing  concepts  and  formulations  upon  which  TOTS  is  based.  Samples 
of  EOTS-generated  output  are  included.  A  Users  Manual  for  the  EOTS 
analysis  system  also  is  available. 
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1 .  SUMMARY  AND  GENERAL  INTRODUCTION 

Computer  software  deve'oped  by  Meteorology  International 
Incorporated  (Mil)  includes  unique  systems  for  the  analysis  of  meteorological 
and  oceanographic  data.  These  analysis  systems  are  based  on  one  principal 
underlying  analysis  methodology  —  Fields  by  Information  Blending  (FIB). 

The  information-processing  concepts  and  formulations  upon  which 
the  FIB  analysis  methodology  is  founded  were  documented  by  Moll  in  1971 
in  association  with  a  system  for  the  analysis  of  sea-level  pressure  [1]. 

FIB  has  progressed  rapidly  from  these  early  concepts  to  its  present  level  of 
development.  The  Fields  by  Information  Blending  methodology  is  now  a 
comprehensive  technique  for  the  objective  analysis  of  scalar  and  vector 
fields  with  a  wide  range  of  realised  and  potenti  applications.  For  the 
analysis  of  a  specific  environmental  parameter  FIB  should  be  considered 
as  equal  or  superior  to  any  currently  available  technique.  However  no  other 
technique  is  based  on  fundamental  and  generalized  concepts  of  information 
processing.  These  concepts,  expressed  in  terms  of  formulations  and 
algorithms  designed  specifically  to  facilitate  their  implementation  as 
computer  software,^  provide  FIB  with  unique  capabilities  for  the  analysis 
of  a  wide  range  of  environmental  parameters. 

To  illustrate  the  diversity  of  FIB  applications,  the  U.  S.  Navy's 
Fleet  Numerical  Weather  Central  (FNWC)  currently  utilizes  FIB  analysis 
systems  to  produce  routine  operational  analyses  of  sea-level  pressure  for 
the  Northern  and  Southern  Hemispheres;  fine-mesh  sea-level  pressure  and 
surface  wind  analyses  for  the  Greater  Mediterranean;  upper-air  contour 
height  analyses  for  both  hemispheres;  sea-surface  temperature  analyses  for 


All  relevant  formulations  in  this  Report  are  expressed  in  finite- 
difference  form;  analysis  algorithms  involve  extensive  use  of  iterative 
techniques . 
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both  hemispheres,  and  for  several  sub-regions  on  finer  scales  of  resolution; 
ocean  thermal-structure  analyses  for  the  Northern  Hemisphere,  and  for 


several  sub-regions  on  finer  scales  of  resolution;  and  Northern  Hemisphere 
analyses  of  significant  wave  height.  All  these  systems^  are  based  on  a 
common  analysis  methodology — Fields  by  Information  Blending. 

As  FIB  evolved  and  its  range  of  applications  increased,  the 
development  of  a  new  analysis  capability  often  revealed  methods  by  which 
earlier  applications  could  be  improved.  However,  in  general  terms,  contract 
requirements  for  the  documentation  of  FI3-based  analysis  systems  have 
focussed  on  the  practical  aspects  of  program  maintenance  and  system 
operation;  documentation  of  the  underlying  principles  and  associated 
formulations  has  not  always  been  consolidated,  especially  where  an  earlier 
capability  has  been  modified  to  encompass  later  developments.  As  a  result, 
the  information  needed  to  comprehend  a  particular  current  FIB  analysis  system 
generally  has  to  be  sought  among  a  large  number  of  memoranda,  progress 
reports,  technical  reports,  and  program  documentations  each  as  users 
guides  and  maintenance  manuals.  Until  this  Report  there  existed  no  single 
publication  for  a  current  analysis  capability  which  traced  the  development 
of  FIB  from  first  principles  and  explained  its  application  to  that  particular 
analysis  system.  Without  appropriate  documentation  neither  the  operator  of 
the  analysis  system  nor  the  user  of  its  output  can  have  a  full  appreciation 
and  understanding  of  the  system  and  its  products;  FIB  thus  has  acquired  a 
reputation  for  being  excessively  abstruse  and  esoteric.  In  addition  the  lack 
of  technical  documentation  has  prevented  the  capabilities  of  FIB-based 
analysis  systems  from  being  disseminated  among  the  environmental  analysis 
and  forecasting  community  at  large. 

1  Perhaps  the  most  advanced  FIB  capability  is  that  for  determining 
full-scan  clear  radiance  components  from  measured  cloud-contaminated  VTPR 
radiances  for  the  enhanced  resolution  of  atmospheric  thermal-structure 
variabilities  [2]  .  However  this  capability  is  not  yet  used  in  an  operational 
context . 
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One  of  the  earliest  applications  of  FIB  was  to  the  analysis  of  sea- 
:  i  rface  temperature  distributions  on  behalf  of  FNWC.  This  operational 
capability  later  was  extended  to  encompass  the  added  dimension  of  depth, 
thus  providing  FNWC  with  a  real-time  system  for  the  analysis  of  ocean 
thermal-structure.  Development  continued  and  by  it»75  ar.  advanced 
analysis  capability  known  as  FIB/OTS  was  providing  routine  thermal-structure 
analyses . 

In  the  context  of  U.  S.  Navy  requirements,  perhaps  the  most 
important  application  of  ocean  thermal-structure  analyses  is  to  provide  an 
input  to  programs  which  determine  sound  propagation  conditions;  real-time 
knowledge  of  these  conditions  has  a  direct  bearing  on  the  surface  ana 
sub-surface  capabilities  of  the  U.  S.  Navy.  In  order  to  keep  pace  with 
operational  demands  for  improved  ocean  thermal-structure  analyses,  in 
l-j76  a  plan  was  produced  for  providing  FNWC  with  a  very  advanced, 
comprehensive  and  flexible  analysis  capability  for  the  4-dimensional 
analysis  of  ocean  thermal-structure;  this  capability  is  known  as  the 
Expanded  Ocean  Thermal-Structure  (EOTS)  analysis  system. 

By  1977  development  of  EOTS  had  advanced  to  the  point  of 
operational  utility  although  EOTS  products  remained  in  an  "operational 
evaluation"  phase.  A  preliminary  version  of  a  Users  Guide/System 
Description  was  written,  updated  in  early  1978  to  reflect  the  growing 
EOTS  capability. 

In  September  1978  a  formal  Users  Manual  for  the  EOTS  analysis 
system  [3]  was  produced.  This  Manual  was  designed  in  such  a  manner  that 
subsequent  additions  and  modifications  to  EOTS  easily  could  be  documented 
by  amendment.  This  version  of  the  Manual  provides  all  information 
necessary  to  effectively  use  the  system  in  its  current  configuration. 

However,  although  containing  a  comprehensive  list  of  references,  the 
Manual  does  not  provide  the  User  with  an  account  of  the  principles  and 


information-processing  concepts  of  the  TIB  analysis  methodology  up>.  w...c.. 

the  EOTS  analysis  system  is  based.  Acc  . jly,  in  early  197  ...... 

sponsorship  of  the  Naval  Ocean  Research  and  Development  Activity  iXC.d'.V , 
work  was  begun  on  preparing  a  comprehensive  Technical  Report  intended  :c 
I ;  v.  le  th<  necessary  theoretical  background.  The  result  of  that  work  is 
this  publication. 

in  this  Technical  Report  most  concepts  and  formulations  of  relevance 
to  the  ROTS  analysts  system  have  been  gathered  together,  thus  avoiding  the 
need  to  seek  essential  background  information  from  the  large  number  of 
references  riven  In  the  Users  Manual.  This  policy,  of  course,  has  r<  ilted 
in  a  publication  of  some  considerable  length.  In  addition,  alth<  ugh  the 
many  formulations  could  have  been  presented  with  little  explanation,  rely.:..; 
on  the  insight  of  the  reader  for  their  interpretation ,  such  a  procedure  has  net 

been  followed.  To  make  the  subject  m  ire  easily  readable,  me  st  f<  n . 

are  accompanied  by  a  discussion  explaining  their  purpose  and  the  underlyin.. 
concepts.  Where  possible  without  loss  of  direct  relevance  to  the  EOTS 
analysis  system,  concepts  and  formulations  are  presented  in  general  terms 
to  facilitate  an  appreciation  of  their  application  to  the  analysis  of  other 
environmental  parameters. 

Section  2  of  this  Report  discusses,  in  a  largely  qualitative  manner, 
some  of  the  factors  to  be  taken  into  account  by  any  effective  analysis 
system.  The  Section  also  is  intended  to  introduce  certain  FIB  concepts 
and  associated  terminology  in  an  appropriate  context. 

Section  3  provides  many  of  the  generalized  informal  i  o  n  p  ro  i  p»  o. 
concepts  and  formulations  upon  which  the  TIB  analysis  methodology  is 
based.  Commencing  with  a  discussion  of  the  reliability  of  observations 
as  information,  it  is  shown  that  every  piece  of  information  which  can 
contribute  to  an  analysis  has  an  associated  and  quantifiable  reliability. 

The  remainder  of  Section  3  essentially  is  concerned  with  methods  for 


proviso  the  best  estimate  c>:  the  "true"  field  :  the  analysis-parameter  tin 
can  be  ■  1 1  d  fr<  m  the  t<  t  il  ini  >n  lati  n  av  tllai  h  . 

Although  all  riB  analysis  systems  are  based  on  a  common  analyse 
let  .  .  gy,  a  system  t  c  :  .•  analysis  a  particular  environ  lental 
-  i  ■  i 1  1 1  r  . .  i s  i  .  :  i ; .  :  i ,  s u It  the  characteristics  of  that  parameter. 

•  •  sample,  i  sys  tern  f<  .  the  analys  ..  i  .  ea-level  j  n  ssurc  < t  .  , 
a.rectly  used  to.  the  analysis  of  surface  wind  merely  by  substituting 
■  ■ :  ut — data  s t  .  .  .  .  t . .  v 1 . . .  v  ■ . .  .  ; .  4  .  •  *  i  .  ■  the  . -  ncept  s  .  i  r . c .  rmula t it 

ot  Sections  2  and  3  to  develop  an  analysis  system  for  Sea-Surface 
fomperatui  e  (SST)--the  required  system  is  relatively  uncomplicated ,  and 
idditi  ,  .  .  is  one  of  ths  ;  irameters  analyzed  1  y  .  i  .  v  system.  By 

■  •  -  .  set  ion  ■ » .  .  i . .  FIB  concept  s  ......  .  rm  u  la  t  ions  neoes  sa  ry 

..  v  . t. pi c  i.o.iu  ...e  ana.y  s*s  o.  d  is t .  i ou t ion s  *  •  *  .'.’  vice  ana  time  nave  .. .  v  . . 

snted.  ...  w Ing  a  discuss!  i .  I  . i  . :tur<  .' .  - . 

i .  y  terns  »n  1  th<  .:  ....;  lem< . a,-,  ton  .  l  ’.  sh  ws  tl 

in :  rotation  fl  w  . i ; .. .  :  cessing  in  a  FIB  system  for  SST  analysis .  .....  . 
•1.12  provides  an  account  of  Alternating  Parallel  Analysis  iAPA),  a  rr.etheu 
inot  yet  implemented)  for  assimilating  remotely-sensed  satellite  data  intv 
vi  F13  analysis  system  in  a  manner  which  circumvents  calibration  bivis  and 
drift.  Examples  o:  SST  analyses  are  given  in  Section  4.  13. 

This  Report  documents  the  concepts  underlying  the  EOTS  analysis 
system.  Although  self-contained  in  that  familiarity  with  the  EOTS  system 


Where  appropriate,  all  E13  analysis  systems  can  utilize  satellite 
derived  data.  For  example  the  EOTS  analys  is  system  uses  satollite-v.e:  iv 
estimates  of  sea-surface  temperature  and  can  also  assimilate  a radient 
information  subjectively  derived  from  satellite  imagery  (HRIR  supported  by 
visible).  However  less  sophisticated  techniques  than  APA  currently  are 
used  to  assimilate  this  information. 
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-  ■■  t  e  sential  to  mprehend  the  ij  n  whi  :h  .  ) . . 

this  Report  and  the  Users  Manual  [3]  are  complementary  to  a  considerable 
extent.  On  completion  A  Section  4  it  is  recommended  that  Section  2  of  the 
Users  Manual  be  studied.  Section  3  of  the  Users  Manual  should  be  studied 
on  completing  Section  5  of  this  Report. 

Section  5  is  concerned  with  the  extension  of  the  analysis  system 
described  in  Section  4  to  encompass  significant  temperature  variations 
in  the  vertical  structure.  As  a  preliminary  it  is  pointed  out  that  the 
analysis  system  described  in  Section  4  does  not  necessarily  have  to  be 
applied  to  the  temperature  at  the  surface;  it  could  equally  well  be  applied 
to  tr.e  temperature  at  any  depth  or  to  the  temperature  on  a  variabie-depth 
surface,  e.g.,  the  Primary  ur  Principal  Layer  Depth  (PLD) .  However  a 
simple  system  based  on  independent  horizontal  (or  quas, -horizontal) 
temperature  analyses  at  various  depths  is  entirely  inadequate  for  determining 
significant  4-dimensional  ocean  thermal-structure  variabilities.  The 
procedure  adopted  is  to  parameterize  the  vertical  profile  in  terms  of  "ocean 
thermal-structure  parameters"--measures  of  profile  temperature,  gradient 

I 

and  curvature  at  various  fixec  and  "floating"  levels.  The  analysis  system 
described  in  Section  4  is  used  to  analyze  each  of  these  parameters.  (The 
EOTS  analysis  system  automatically  sets  various  tunable  constants 
encompassed  by  the  analysis  algorithm  to  reflect  the  characteristics  of 
each  analyzed  parameter.) 

Having  completed  analysis  of  the  set  of  ocean  thermal-structure 
parameters,  the  next  step  is  that  of  vertical  blending,  described  in 
Section  5.7;  vertical  blending  completes  the  3-D  analysis  at  a  point  in 
time. 


For  example  PLD  is  a  "floating"  level.  This  depth  is  determined 
by  analysis  and  is  one  of  the  thermal- structure  parameters.  A  number  of 
other  parameters  are  defined  relative  to  the  PLD  and  thus  also  are  "floating" 
parameters . 
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Section  n  presides  a  brief  review  of  the  LOTS  analysis  system  unci 
is  included  to  make  this  Report  self-contained;  a  more  detailed  account  is 
given  in  the  Users  Manual. 

Section  7  contains  a  number  of  miscellaneous  (but  nevertheless 
significant)  topics  of  relevance  to  the  LOTS  analysis  system  and  its 
utilization. 


PRELIMINARY  CONSIDERATIONS  AND  TERMINOLOGY 


2  •  1  Introduction 

This  Section  is  intended  to  reveal,  in  a  largely  qualitative  manner, 
many  of  the  considerations  that  should  be  taken  into  account  by  any 
effective  analysis  system.  By  discussing  certain  characteristics  01 
observed  data,  and  describing  the  analysis  process,  primarily  by  leteivnce 
to  the  simple  and  subjective  technique  often  still  used  tot  the  analysis  >•: 
environmental  parameters  (i.e.,  the  drawing  of  isopleths  by  hand) ,  many 
of  the  concepts  underlying  the  objective  ITB  analysis  methodology, 
together  with  associated  terminology,  are  introduced.  How  these  cone.-, 
are  expressed  mathematically  and  combined  into  a  system  tor  the  o:>  .  . 

analysis  of  ocean  thermal-structure  parameters  is  described  in  subsequent 
Sections . 

2 . 2  Odservnt  ions  as  Estimates  o!  Representative  Value: 

Suppose  that,  at  a  fixed  location,  we  measure  the  value  oi  via 
environmental  parameter  as  a  function  of  time.  The  method  of  measurement 
and  presentation  of  the  results  would  depend  very  much  on  tin-  time  scale 
m  which  wo  were  interested--the  "object  scale  of  resolution".  ;  or 
example  if  wo  were  concerned  with  small-scale  atmospheric  turbulence 
then  instruments  with  very  short  response  times  would  be  required  to 
resolve  the  rapid  temporal  changes  of  the  parameters  to  be  measured. 

Such  instruments  were  used  to  produce  Pig.  1  which  shows  horizontal  wuu 
speed,  vertical  wind  speed  and  air  temperature  on  the  turbulence  range  o; 
scale  for  a  period  of  about  40  seconds.  Note  the  relatively  large  ana 
rapid  changes  in  air  temperature  for  example — up  to  3' C  in  as  little  as 
2  seconds . 

!As  discussed  later  in  this  Section,  an  "object  scale  of  resolution" 
usually  Involves  considerations  ot  both  space  and  time. 
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IU'Wi'Voi  suppose  that  wo  woio  eoncernod  not  with  atiuosp! 
tu;!uil<-noo  hut  with  the  variation  in  nil  temperature  over  a  porio, 
houis  at  the  same  location.  iPlearly  wo  are  no  longet  mtotosted 
degieo  ot  resolution  in  time  which  can  bo  provided  by  the  ins  tt  times 


let  to 
a  of 


to  pi  ounce  Fig.  I  ia  tino-wtto  resistance  tins  momoiot  1 .  ciur  oeiect  scan 
ot  icsolution  t ;•  gutto  diltoront.  Assume  though  that  this  thermomete;  has 
to  bo  used  tor  the  2  4  houi  ponoii . 


It  the  (taco  to i  .'-l  hours  woio  shown  on  a  chart  ot  the  same  loin, la 
as  Fill.  1,  the  40-second  per n\i  shown  in  Pig.  I  would  bo  leptesontod  by 
a  segment  loss  than  0.002"  long  —  ln  oitoct  a  "point".  Plotting  a  series  o 
points  tor  the  24-hour  period  would  provide  an  apparently  continuous 
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trace.  But  what  value  of  temperature  should  be  plotted  at  each  point? 
For  each  40-second  period  we  require  a  "representative”  temperature  which 
could  be  obtained  by  computing  a  time-averaged  mean  of  the  temperature 
recorded  by  the  resistance  thermometer.  Thus,  for  this  particular  example. 


"40 


40 


+20 


T  (r)dr 


(1) 


where  T^q  is  the  representative  temperature  appropriate  to  an  object  scale 
of  resolution  in  time  of  40  seconds  and  T(f)  is  the  temperature  T  observed 
as  a  function  of  time  T  on  the  finer  scale  of  resolution.  (An  "instantaneous1 
reading  of  T  from  the  resistance  thermometer  is  itself  a  time-averaged 
mean,  the  averaging  process  being  due  to  the  finite  response  time  of  the 
instrument.  Closer  examination  would  show  fluctuations  on  time  scales 
even  shorter  than  indicated  by  Fig.  1.) 

The  degree  of  resolution  in  time  provided  by  40-second  mean 
temperatures  still  is  far  greater  than  needed  to  show  significant  variations 
in  air  temperature  over  a  24-hour  period.  The  variability  between 
successive  40-second  mean  temperatures  would  not  provide  any  useful 
information  in  the  context  of  a  24-hour  period.  To  obtain  variabilities 
which  are  significant,  the  time-span  over  which  the  mean  temperature  is 
determined  should  be  chosen  so  as  to  "smooth  out"  fluctuations  which, 
though  real,  are  not  significant  to  the  object  scale  of  resolution.  Ten- 
minute  mean  temperatures  probably  would  be  more  than  adequate  to  show 
significant  variabilities  occurring  over  a  24-hour  period. 

However,  suppose  that  instead  of  being  able  to  compute  time- 
averaged  means  over  an  appropriate  time  span  we  are  only  able  to  obtain 
relatively  "instantaneous"  values  of  T — in  other  words  a  value  of  T 
time-averaged  over  a  markedly  shorter  period  than  required  to  show 


variabilities  which  are  significant  to  the  object  scale  of  resolution,  i'or 
example,  for  the  period  shown  in  Tig.  1,  uii  instantaneous  observation 
might  be  anywhere  between  about  16°  and  l'J°C  whereas  the  representative 
value  is,  say,  1 7 . 0  °  C .  Similarly,  a  40-second  mean  temperature  measured 
within  a  10-minute  time-span  might  differ  by  several  degrees  from  the 
10-minute  mean  temperature. 

This  example  illustrates  a  point  which  should  be  taken  into  account 

by  any  analysis  *  scheme  (but  which  is  usually  ignored)--an  observation 

of  any  environmental  parameter  which  is  representative  on  one  (i.e.  ,  the 

observed)  range-of-scale  can  only  provide  an  est  im.i ; e  of  the  value  of  that 

parameter  on  another  range-of-scale.  Such  an  observation  provides  a 

"sample"  of  the  representative  value.  If,  as  is  usually  die  case  in 

producing  analyses  of  environmental  parameters,  observations  are  made 

on  a  finer  range-of-scale  than  the  object  range-of-scale  of  the  analysis, 

then  in  general  any  observation  contains  an  information  component  which 

is  sub-scale  to  the  desired  representative  value.  This  inherent  and 

unavoidable  sub-scale  component  introduces  uncertainty  concerning  the 

reliability  that  can  be  attributed  to  any  observation  unless  it  is  known  to 

2 

be  representative  of  the  object  scale  of  analysis  resolution.  “ 

Tiie  difference  between  a  "true"  value  and  a  "representative" 
value  should  bo  appreciated.  Assuming  that  no  errors  are  made  by  the 
observer  and  that  the  instrument  is  accurate,  then  all  observations  are 
true  in  the  sense  that  they  actually  did  occur  at  the  time  and  place  the 
observation  was  made.  Given  this  assumption  a  representative  value 

*The  meaning  of  the  term  "analysis"  as  applied  to  environmental 
parameters  is  discussed  in  Section  2.3. 

2 

There  are  other  factors  which  contribute  to  the  uncertainty  of  an 
observation;  these  factors  are  discussed  in  Section  3.1. 
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is  equal  to  the  (observed)  true  value  if  the  range-of-scale  for  which  a 
representative  value  is  desired  corresponds  to  the  range-of-scale  of 
observation.  In  general,  however,  although  an  observation  may  be 
representative  on  one  range-of-scale,  it  is  not  representative  on  any 
other  range-of-scale. 

Tor  convenience  the  terms  "object  scale  of  resolution"  and 
associated  "representative  value"  have  been  discussed  by  considering  a 
time  series.  However  the  local  small-scale  variability  in  space  associated 
with  an  observation  of  an  environmental  parameter  also  must  be  taken  into 
account.  For  example  suppose  that  at  any  instant  while  Fig.  1  was  being 
recorded  other  instruments  were  used  to  obtain  a  continuous  field  of  air 

temperature  over  an  area  of,  say,  150  meters  x  150  meters  around  the  first 

1  .  . 

instrument.  Ovei  a  few  meters  in  any  direction  the  temperature  would 
probably  vary  between  about  16^  and  19^  C.  However  the  space-averaged 
mean  (the  representative  temperature)  would  probably  be  close  to  17°C. 

Now  suppose  that  instead  of  being  able  to  compute  a  space-averaged 
mean  for  a  particular  time  we  were  only  able  to  obtain  one  reading  of 
temperature  somewhere  in  the  area  under  consideration.  This  observation 
might  be  anywhere  between  16°  and  19°  C  whereas  the  representative  valui 
is,  say,  17.0°C.  Once  again  the  observ'd tion  has  been  made  on  a  finer 
range-of-scale  than  appropriate  to  the  object  range-of-scale  (in  this  case 
an  area  of  150m  x  150m)  and  so  the  observation  contains  an  information 
component  which  is  sub-scale  to  the  desired  representative  value. 

In  the  example  used  above  the  space  and  time  scales  involved 
are  much  smaller  than  those  considered  by  synoptic  meteorology  and 
oceanography.  However  similar  arguments  apply.  Thus,  for  example, 

Slow  this  could  be  done  in  practice  is  not  clear.  Fine  wire 
resistance  thermometers  arranged  in  a  grid  with  a  grid-spacing  of  a  few 
centimeters  would  provide  an  effective,  if  impractical,  simulation. 
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an  observation  of  sea-surface  temperature  made  using  a  mercury- in-u lass 
thermometer  may  be  "true"  in  local  space  ana  time.  However  measurin' 
the  temperature  a  few  minutes  earlier  or  later,  ora  few  hundred  meteis 
away,  could  provide  an  observation  perhaps  differing  by  several  degrees . 

It  may  be  concluded  that,  in  general,  an  observation  of  any 
environmental  parameter,  even  if  "true"  in  the  sense  that  the  observer; 
value  actually  did  occur  at  the  time  and  place  of  observation,  can  only 
be  regarded  as  an  estimate  of  the  local  representative  value  of  that 
paiameter  on  another  range— ot  —  scale  it.  s pace  and  or  time,  Tnc 
consequences  o;  this  inherent  lack  of  reliability  of  observations  when  used 
in  an  analysis  will  become  apparent  later. 

2 . 3  Synoptic  Analyses  in  Space  and.  Time 

The  Glossary  of  Meteorology  [51  defines  an  analysis  as  follows: 
"in  synoptic1  meteorology,  a  detailed  study  of  the  state  of  the  atmosphere 
based  on  actual  observations,  usually  including  a  separation  of  the  entity 
into  its  component  patterns  and  involving  the  drawing  of  families  of 
isopleths  for  various  elements.  Thus  the  analysis  of  synoptic  chans  may 
consist,  for  example,  of  the  drawing  and  interpretation  of  the  patterns  of 
wind,  pressure,  pressure  change,  temperature,  clouds  and  hydrometeors , 
all  based  on  actual  observations  made  simultaneously." 

This  definition,  of  course,  refers  to  all  environmental  parameters 
which  may  be  separately  analyzed  but  studied  as  a  set  in  order  to 
comprehend  a  given  synoptic  situation.  (The  definition  may  be  extended 
to  encompass  oceanographic  as  well  as  meteorological  parameters . )  The 
purpose  of  the  analysis  process  is  to  arrive  at  an  analysis  of  a  single 


Synoptic--"relating  to  or  displaying  atmospheric  and  weather 
conditions  as  they  exist  simultaneously  over  a  broad  area",  t Webster’s 
Dictionary) . 
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specified  parameter  which,  in  FI3,  is  termed  the  "object  parameter"  o;  the 
analysis.  The  analysis  process,  adjusted  to  suit  the  particular  characteristics 
of  each  environmental  parameter,  may  be  applied  to  a  selection  of  object 
parameters  in  order  to  produce  the  set  of  analyses  required  to  represent  a 
total  synoptic  situation  in  accordance  with  the  definition  given  by  the 
Glossary  of  Meteorology. 

To  aid  discussion,  the  simple  and  subjective  analysis  procedure 
envisaged  by  the  Glossary — "the  drawing  of  families  of  isopleths" — may 
be  outlined  as  follows.  Briefly,  all  observations  of  an  object  parameter  P 
made  at  a  common  (i.e.  ,  synoptic)  time  T  are  plotted  on  a  chart.  Isopleths, 
usually  integer,  are  then  drawn  with  some  appropriate  "contour  interval", 
thus  providing  lines  of  constant  value  of  the  object  parameter.  Since 
observed  values  of  P  do  not  correspond,  in  general,  to  isopleth  values, 
observed  values  are  interpolated  subjectively  to  determine  the  location  of 
isopleths.  If  isopleths  can  be  drawn  which  agree  reasonably  well  with  an 
observed  value  then  the  observation  is  judged  to  be  "good";  if  the  isopleths 
cannot  be  manipulated  to  fit  an  observed  value  (usually  because  of  nearby 
conflicting  observed  values),  then  the  observation  is  judged  to  be  in  error 
and  is  largely  ignored.  This  procedure  provides  an  analysis  of  P  for  time  T  . 
Repeating  the  process  for  time  T+l,  T+2,  etc.  ,  provides  a  synoptic  sequence 
of  analyses  which  is  illustrated  in  Fig.  2. 

In  drawing  isopleths  fora  particular  synoptic  time,  the  analysis 
could  be  produced  by  considering  only  observations  for  that  time.  However 
the  analysis  for,  say,  time  T+l  may  be  enhanced  by  taking  into  account  the 
features  of  the  previous  analysis  at  time  t  .  A  common  technique  for  doing 
this  is  to  use  a  light  table  with  the  plotted  chart  for  T+l  on  top  of  the 
analyzed  chart  for  t  .  The  T+l  analysis  is  then  drawn,  subjectively 
assimilating  the  features  of  the  previous  analysis.  Thus  for  example,  in 
the  case  of  a  sea-level  pressure  analysis,  a  depression  shown  on  the 
analysis  for  time  t  may  be  subjectively  moved,  modified  and  shown  on  the 
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analysis  for  time  T  rl  even  though  there  are  no  T  ri  observations  to 


support  the  feature.  This  subjective  technique  is  termed  “maintainin 
continuity  between  analyses"  and,  in  effect,  carries  ir.t. ■r::.n:n>r.  ah... 
the  time  axis.  If  this  technique  is  employed  the  analysis  t'rocin  c.ev 
must  be  such  that  the  information  in  one  analysis  has  relevance  to  the  next 
analysis.  For  example  it  would  not  be  realistic  to  expect  synoptic-scale 
features  such  as  rapidly-moving  depressions  and  anticyclones  to  be  of 
any  significant  relevance  to  an  analysis  carried  out  two  days  later. 
Information  decays  with  lapsed  time.  For  a  normal  synoptic  sequence  in 
a  meteorological  context,  the  time  interval  between  analyses  is  usually  3, 

6  or  12  hours;  this  analysis  frequency  generally  is  adequate  for  carrying 
synoptic-scale  information  along  the  time  axis. 

To  further  illustrate  the  potential  utility  of  information  carried 
along  the  time  axis,  suppose  that  at  every  analysis  time  the  available 
new  observations  provide  a  fixed  information  contribution  I  .  (In  practice 
1  would  vary  depending  on  the  number,  quality,  and  distribution  of 
observations.)  Now  suppose  that  the  total  information  content  of  any 
analysis,  I_  ,  decays  with  time,  the  information  carried  forward  in  time  to 
the  next  analysis  being  RIr  where  R  <  1  .  Thus,  for  an  analysis  sequence 
commencing  at  time  ~  : 


IT+1  =  H-RIt. 

ITr?  =  I+RITt_1(  and  so  on.  (2) 

The  effect  of  carrying,  and  accruing ,  information  along  the  time  axis 
in  accordance  with  Eq.  (2)  is  shown  in  Fig.  3  using  1  =  6  "units"  of 
information  and  R  =  0.5  (i.e.,  half  the  information  contained  in  one 
analysis  is  still  relevant  at  the  next  analysis  time). 
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Figure  3  The  effect  of  carrying  information  along  the  time  axis.  The  total 
information  available  at  any  time  is  shown  by  the  solid  line. 
Information  decays  with  time  (R  -  0.5)  but  for  each  new  analysis 
a  further  6  "units"  of  information  are  provided  by  the  concurrent 
observations.  The  upper  dashed  line  shows  the  total  information 
attained  by  successive  analyses.  The  lower  dashed  line  shows 
the  accruing  information  available  from  previous  analyses  in  the 
sequence. 

(This  schematic  is  based  on  a  simple  concept — decay  in  the  worth, 
of  persistence.  The  application  of  appropriate  prediction 
capabilities  would  slow  the  decay  rate  and  result  in  higher 
plateaus  of  information  yield.  Prediction  capabilities  represent 
information  contributions . 

Well  formulated  comprehensive  models  which  interrelate  the 
evolution  of  a  relatively  closed  physical  system  of  parameters  .car. 
produce  information  growth  for  a  period  following  each  analysis 
input  of  concurrent  observations ,  to  the  point  where  net  decay 
again  sets  in.  The  information  yield  which  can  be  achieved  in 
such  analysis/prediction  systems  by  the  "dynamic  compounding" 
can  be  spectacular.) 
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The  effect  of  carrying  ar.d  accruing  information  along  the  time  ax.s 

.  .  iy  .  ■■  fern  ralized  as  i  11  ws  .  Let  I  b<  th<  t  tal  :  n  :urrent  inf  >n _  n 

available!  r  each  analysis .  As  not<  i  earlier  I  will  vary  dependin  n  th« 
number,  quality  and  distribution  of  observations.  As  discussed  later,  I 
may  also  contain  information  derived  from  sources  other  than  direct 
observation  of  the  object  parameter.  However  we  now  identify  I  with  the 
mean  total  information  contribution  to  each  analysis  from  ail  sources.  1: 

R  is  the  traction  of  information  still  relevant  at  the  next-in-sequence 
analysis,  then 


I 


t  T-n 


(3) 


where  I  is  the  total  information  in  the  (t T-n)  analysis,  and  the  analysis 
r  rn 

sequence  commenced  at  n  =  0  with  no  earlier  information  available. 

If  n  =  N  where  N  is  large,  then 


I 


rX 


(4) 


Thus  for  the  example  illustrated  in  Fig.  3,  I_  .=21,  —  in  other 

1  Ti\ 

words  after  an  appropriate  number  of  analyses  (4  or  5  in  this  case)  the 
information  content  of  the  analysis  is  about  double  that  available  solely 
from  concurrent  information.  If  R  =  0.75  then  1^=41.  It  can  be  seen 
that  previous  observations  can  provide  a  very  significant  information 
contribution  to  an  analysis;  no  analysis  scheme  should  ignore  this  potential 
contribution.  Clearly  the  simple  and  subjective  analysis  method — drawing 
isopleths — cannot  take  full  advantage  of  previous  information.  Objective 
methods  for  carrying  information  along  the  time  axis  form  an  integral  part 
of  the  FIB  analysis  methodology  and  are  described  later.  However  at  this 
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point  it  may  oe  noted  that  the  relevance  of  I  ^  to  the  nexi  analysis  is 
determined  not  only  by  the  time-rate  of  decay  of  information  but  also  by  the 
_  :  analysis.  For  any  environmental  irametei  the  ana ly 

frequency  may  be  chosen  to  maximize  the  yield  available  from  information 

c _ .  .  al  ng  the  time  ixis .  rhe  optimum  frequency  of  analysis  will  vary 

from  parameter  to  parameter. 

F  ( jturnm.;  to  rig.  -  ,  each  ar.alyj . u  been  sh  wn  ...  enc  mj  ...... 

observations  made  over  a  r<  .  itiv(  ly  brief  peri  ..  time  At  . 
illustrates  the  fact  that  observations  are  no:  truly  synoptic  and  neither  are 

they  .  ...  "as.  Foi  xai  ...  r\  .  Ions  for,  say,  00Z  are 

made  precisely  jU  that  time — the  time  ■  :  observation  depends  to  some  extent 
on  the  observer  and  each  observation  requires  a  finite  time  make.  In 
addition  some  environmental  Parameters  are  deliberately  recorded  as  a  mean. 
Observations  of  surface  wind  are  a  good  example;  a  wind  averaged  over  u 
number  of  minutes  (usually  about  10)  is  reported  as  the  "observed"  wind  in 
order  to  eliminate  non-representative  gusts.  Sea  and  swell  waves  . 
another  example — the  associated  parameters  (height  and  period)  are  observed 
and  reported  in  terms  of  "significant"  values,  defined  to  be  the  mean  of  .he 
one-third  highest  values  of  each  parameter  observed  over  a  period  of  time. 
The  problems  of  non-representative  values  generally  are  not  recognized  for 
observations  of  other  parameters. 

In  some  types  of  analyses  the  observations  of  P  contributing  to  a 
single  analysis  may  range  over  a  period  of  time  At  ranging  from  a  few 


The  optimum  frequency  depends  on  various  factors  including  the 
frequency  of  synoptic  collections  of  data,  the  naturally-occurring  time 
variability  of  a  particular  parameter  and  the  availability  of  computer  resources. 
To  maximize  the  yield  from  information  carried  along  the  time  axis  analyses 
should  be  carried  out  as  frequently  as  possible.  However,  in  a  real-time 
operational  context,  the  optimum  frequency  has  to  be  determined  based  on 
all  relevant  factors. 
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hours  to  many  days .  For  exampl<  where  . ffi  Lem  bservations 

available  to  provide  a  realistic  analysis  we  may  choose  to  utilize  all 
observations  made  over  a  penoc  of  24  hours  in  order  to  increase  dc'.a 

.  ...  Ity.  H  wever  resolution  ...  time  is  decre  lsed — the  ability  t  .  d<  t<  i . 

changes  in  time  (based  on  actual  observations)  within  the  24-hour  period 
Li  .  >st.  In  some  circumstances  the  full  resolution  in  time  available  f: 
observed  data  may  not  be  required.  Suppose  we  require  the  mean  sea- 
surface  temperature  for  a  particular  calendar  month.  Although  better 
methods  are  available  this  could  be  produced  by  plotting  all  observations 
for  that  month  and  carrying  out  an  analysis  using  the  simple  subjective 
technique  outlined  above  (i.e.  ,  by  drawing  isopleths). 

In  general  it  can  be  seen  that  all  analyses,  even  those  termed 
synoptic,  actually  encompass  information  from  observations  mace  over  a 
period  of  time  ~~  which  may  vary  from  perhaps  a  few  minutes  in  the  case 
of  a  synoptic  analysis  to  many  days  or  even  months  for  other  analyses,  .r. 
addition  each  analysis  may  contain  an  information  component  provided  by 
non-synoptic  information  carried  forward  and  accrued  along  the  time  axis. 

So  far  discussion  of  what  an  analysis  actually  shows  has  been 
avo.ded.  Using  the  subjective  analysis  method  previously  described  for 
purposes  of  illustration,  what  do  the  isopleths  represent? 

Suppose  the  object  parameter  of  the  analysis  is  sea-surface 
temperature,  the  available  concurrent  observations  are  synoptic  in  the 
sense  that  they  were  made  within  _rlO  minutes  of  the  time  to  which  the 
analysis  refers,  and  that  each  observation  provides  a  value  of  sea-surface 
temperature  which  is  appropriate  in  local  space  (say  100  meters  x  100 
meters)  and  time  (say  a  1-minute  time  span). 1  If  there  is  a  high  density  of 

*If  there  are  no  observer  or  instrument  errors  these  assumptions  are 
reasonably  realistic  with  regard  to  data  from  ships  available  for  a  synoptic 
analysis  of  sea-surface  temperature.  The  requirement  to  assimilate  satellite- 
derived  data  introduces  other  considerations  which  are  discussed  later. 
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data  coverage  over  the  whole  area  to  be  analysed  (say  the  North  Atlantic) 
then,  because  there'  aie  no  data-:; parse?  or  data  void  regions,  the  scab  o: 
resolution  of  the  analysis  in  space  (i.e.  ,  the  detail  which  can  be 
represented)  is  determined  largely  by  the  scale  of  the  chart  upon  which  the 
isopleths  are  drawn.  (Objective  analysis  methods  use  an  analysis  grid, 
the  upper  limit  of  analysis  resolution  being  determined  by  the  gi  id  spacing. 
However  analysis  resolution  generally  is  limited  by  data  density.)  Now 
assume  that  in  a  reasonably  small  region  (say  50  kms  x  50  kins)  there  are 

O  .  O 

a  large  number  of  ships  all  reporting  temperatures  between  l'J  C  and  2t  C 
but  normally  distributed  around  20.0  o.  (lor  the  moment  we  are  assuming 
there  are  no  errors  in  any  observation.)  Clearly  the  representative' 
temperature  for  this  small  region  is  20.0  C,  the  diflerence  between 
reported  values  and  the  representative  value  being  due  to  the  eftoct  oi 

O 

features  which  are  sub^scalc  to  the  object  scalo-of-rosolution.  1  he*  ^ 
isotherm  could  be  drawn  through  this  small  region  with  considerable 
confidence.  Note  that  the  isotherm  is  drawn  to  conjoin)  1“  the  iepi esent< 
value,  not  to  a  paiiicular  observat  ion  whirl,  may  dll  for  considerably  com 
the  representative  value.  By  estimating  representative  values  over  the 
whole  area  a  family  of  isotherms  could  be  drawn,  thus  providing  the  regulw  u 
analysis.  Because  representative  values,  have  been  used  to  construct  the 
isotherms ,  the  analysis  shows  significant  variabi  1  it  ies  in  the  object  scale- 
of— losolut ion^  for  the  two-dimensional  sea-surface  temperature  Held. 
Because  of  the  (assumed)  high  data  density,  thus  allowing  representative 
values  to  be  accurately  determined  from  the  estimates  provided  by  actual 
observations,  our  confidence  in  the  analysis  would  be  high. 


Tills  is  flu'  purpose  of  an  analysis.  It  is  a  misconcuption-- 
unfortunately  very  prevalent — that  the  sole  purpose  of  an  analysis  is  to  i i t 
observed  data  rather  than  to  produce  represent  at  Ive  va  lues  .  Ihls  point  is 
very  significant  and  will  arise  again. 
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llowevor  now  suppose  that  in  somo  regions  there-  are  voiy  tew 
observations .  Although  each  observation  provides  an  estimate  of  the 
associated  representative  value,  this  value  cannot  be  determineo  witli  any 
certainty  from  a  small  numbot  of  observatior.s .  If,  in  a  small  u-aion,  only 
one  observation  were  available  then  this  provides  our  "best  estimate"  o:  die 
representative  value  (ignoring  for  the  moment  any  information  carried  alen. 
the  time  axis  from  the  previous  analysis).  Although,  isoplcths  could  be 
drawn  to  "tit"  this  isolated  observation  no  great  confidence  should  be 
placed  in  the  analysis  in  that  region  because  the  observ.it ion  is  known  to 
contain  information  pertinent  to  teutures  winch  are  sub-scale  to  th<  desired 
representative  value.  It  no  observations  are  available  in  a  region  nice 
isopleths  have  to  be  interpolated  from  surrounding  information;  analysis 
confidence  is  even  less.  In  general  tin  greater  the  density  of  d.n..  t.io 
more  certain  is  the  analysis  with  regard  to  the  representation  of  vu;  ntbi lit 
which  are  significant  in  the  object  scule-ot- sesolution.  It  can  be  s.  ■■■ 
measures  of  data  reliability  and  measure!  •  the  reliability  oi  the  r<  ul  i  . 

analysis  at  all  points,  in  the  analyst ed _ tide,  aie  laclors  which  .••■iton'.d  . 

cons  idol  ed  as  patt  of  the  analysis  pr-wss. 

Information  which  can  contribute  to  an  analysis  may  be  obtained 
from  sources  other  than  concurrent  observations .  One  source  already 
outlined  is  the  contribution  provided  by  information  carried  along  the  time 
axis.  Other  sources  are  availablo--for  example,  analyses  of  other 
environmental  parameters  which  provide  information  concerning  the  object 
parameter  by  way  of  diagnostic  relationships .  These  sources,  and  the 
manner  in  which  their  information  contribution  can  bo  assimilated  into 
analyses  of  the  object  parameter,  are  discussed  in  subsequent  sections. 

Putting  aside  considerations  of  reliability  it  can  be  seen  that  the 
purpose  of  the  simple  two-dimensional  analysis  described  above  is  to 
determine  the  represent.it Ive  value  of  the  object  parameter  at  any  point 
in  the  analyzed  field  where  the  representative  value  is  appropriate  to  the 


object  soalo-of-iesolutton  of  the  aiu  lysis .  : it .1  wing  isopleths  ...  only  .. 

convenience  tot  (subiectively)  estimating  ropieseiltative  values.  Ait 
appropriate  Interpolation  scheme  tuny  be  usee!  to  determine  the  leprosontative 
value  at  any  point  m  the  field--in  othot  woids  the  field  is  assumed  to  be 
more  or  less  continuous.  In  addition  the  isopleths  provide  an  easily- 
interpreted  visual  representation  o:  slant:  .car.,  features  in  the  field. 

i'he  concept  of  two-dimensional  synoptic  analysts  may  be  extended 
to  three-dimensional  space.  In  subjective  analyses  this  is  usually 
achieved  by  analysing  a  "stacked  set"  of  horizontal  (or  quasi-horizontal) 
fields  tot  a  common  time.  Note  that  ana lyz un;  each  horizontal  Held 
independently  of  others  in  the  set  does  not  provide  a  three- dimens  tonal 
analysis.  Intormation  must  be  exchanged  lor  "spread")  vertically  to  provide 
three-dimens  Iona  1  continuity.  1’or  example  significant  featuies  m  a  sea- 
surtuee  temperature  analysis  should  be  evideat  as  sub-sutiace  teature;.  even 
11  not  directly  supported  by  concurrent  sub-surtece  obsetva ;  ions  .  ib.c 
vertical  extent  ot  horizontal  features  must  be  determined  in  a  realistic 
manner  by  the  analysis  process  itself.  ;!ub:octive  analysis  methods 
concentrate  on  two-dimensional  variabilities;  s  providing  in  format  ion  m 
three-dimensional  space  is  a  difficult  process  depending  very  much  on  the 
skill  and  insight  of  the  analyzer.  In  practice  hand-drawn  analyses  pay 
little  attention  to  significant  variabilities  in  three  dimensions.  Xovortz.eles:. 
tint  purpose  ot  a  three-dimensional  analysis  in  space  is  the  same — to 
determine  representative  values  at  any  point  in  space  where  the  representativ 
value  is  appropriate  to  the  object  scalo-of-resolution  of  the  analysis. 

extension  of  the  analysis  process  to  encompass  significant 
variabilities  in  space  and  time  now  may  bo  considered.  Suppose  that 
observations  of  an  environmental  parameter  1'  are  made  every  n  hours 


1’or  example  isobaric  surfaces  are  guas  i-horizonta  l . 


At  analyst:;  time  r  mi  ,  conouriont  inioimatien  is  available  as  i;.. 
to  each  of  the  levels  to  enter  into  the  analysts,  li'oui  aie  shown,  ... 
a_,  .  In  practice  the  numbei  of  levels,  aits  their  separation,  is  chose 
provide  an  appiopriate  degree  ot  veitical  resolutiou.)  As  pievionsly  note, 
(page  22),  concurrent  information  may  be  obtained  it. 'in  so.uces  ott.e;  tiu. 
direct  observations  ot  the  obi  eel  parameter,  P,  itselt.  i"..o  allow. .  etc 
time-span  tor  direct  observations  is  shown  by  At  .  in  addition  to  concur 
information  from  a  variety  of  sources,  infouruttiou  also  is  available  item 
the  analysts  .it  time  T  cairled  forward  along  the  time  .ixis  to  time  "'n  es 
an  appropriate  method.  At  each  level  all  intormation  ie levant  to  that 
level  is  combined  and  blended  horizontally ,  thus  providing  a  set  ot  tw.  - 
dimensional  analyses.  Intormation  from  these  horizontally  analyzed  tied 
is  then  spread  vertically  through  all  levels,  the  information  airivcao  .to: 
above  and  below  being  used  to  adjust  cacti  horizontal  analysis  so  that  A 
now  repiesents  a  field  which  is  an  optimum  combination  of  the  totaj 
information  available.  The  set  of  fields  provides,  in  effect,  a  three- 
dimensional  analysis  for  Tm  with  continuity  in  time. 

The  Tmi  analysis  is  then  carried  forward  in  time  tv'  r  < n ,  thus 
continuing  to  accrue  information  along  tho  time  axis,  and  the  analysis 
procedure  repeated.  The  complete  process  can  provide  representative 
values  of  the  object  parameter  !' ,  in  the  object  scale  of  the  analysis 
resolution,  at  any  point  in  space  and  time. 


In  certain  circumstances  —  for  example  the  analysts  ot  historic 
sequences  —  information  may  be  carried  in  both  diroot  ions  along  tho  :u 
axis,  thus  further  enhancing  the  analysis  for  any  particular  synoptic  tin 
This  capability  is  discussed  later  (Section  ,'.•;). 


of  course,  an  outline  of 


The  overall  procedure  described  is,  of  course,  an  outline  of  ^ 

4 -dimensional  analysis  method.  In  4-D  objective  analysis  systems  (such 
as  TIB),  each  of  the  dimensions  is  generally  discretized  by  finite 
increments — in  effect  there  is  a  grid  array  in  both  space  and  time.  Tor 
example,  referring  to  Fig.  4,  there  is  a  grid  array  for  the  2-D  (quasi-) 
horizontal  surfaces.  The  third  component  of  the  grid  array  is  provided  by 
the  vertical  separation  between  those  surfaces,  and  the  fourth  component  is 
provided  by  the  time-separation  between  analyses.  The  continuum  between 
"points"  in  4-aimensional  space  and  time  is  defined  by  appropriate 
interpolation  schemes.  In  many  cases  variations  in  the  vertical  dimension, 
in  the  atmosphere  and  oceans,  can  be  bettor  represented  by  a  set  of 
parameters  which  correspond  to  a  modelling  of  significant  degrees  of  profile 
variability  rather  than  by  a  set  of  levels.  If  so  then  parameters  which  arc 
physically  independent  of  one  another  are  to  be  preferred.  (The  full 
significance  of  this  paragraph  will  become  apparent  when  the  FIB  system 
for  the  4-D  analysis  of  ocean  thermal-structure  parameters  is  discussed-- 
Section  5.)  Clearly  however,  the  sophisticated  information-processing 
capabilities  implied  by  this  outline  of  a  4-D  analysis  system  lie  far  beyond 
any  subjective  analysis  skills. 


The  Fields  by  Information  Blending  analysis  methodology  is  a 
comprehensive  information-processing  methodology  for  general  application 
to  the  analysis  of  scalar  and  vector  fields.  It  encompasses  all  the 
capabilities  required  to  provide  analyses  of  meteorological  and 
oceanographic  parameters  on  any  desired  scale  of  resolution  in  space  and 
time.  The  analyzed  fields  which  result  provide  the  maximum  knowledge  of 
distributions  of  the  object  parameter  of  the  analysis  which  is  to  be  gained 
from  the  total  relevant  information  available.  FIB  encompasses  a  capability 
for  providing  the  reliability  of  analyzed  fields  at  every  grid  point  used  in 
the  analysis,  and  a  capability  for  assigning  to  every  observation  utilized 


* 


in  an  analysis  a  measure  of  the  estimated  reliability  of  that  observation.  ^ 

A  qualitative  and  quantitative  description  of  FiB  capabilities,  with  specific 
application  to  the  analysis  of  ocean  thermal-structure  parameters,  occupies 
the  remainder  of  this  publication. 


Based  on  the  foregoing  discussion  it  can  be  seen  that  the 
reliability  of  an  observation  depends  on  the  object  scale  of  analysis 
resolution.  For  example  an  observation  used  in  a  synoptic  analysis  may 
well  represent  the  current  synoptic  situation.  Using  the  same  observation 
in  a  monthly-mean  climatology  would  show,  say,  a  lower  reliability  if  the 
synoptic  situation  (for  which  the  observation  has  a  high  reliability)  were 
highly  anomalous.  An  example  of  this  will  be  shown  in  Section  4.13 
using  two  different  degrees  of  spatial  resolution. 


4 
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3 .  1  Trio  Reliability  of  Observations  as  Informaiion 

Assume  that  a  number  N  of  independent,  unbiased  and  well- 
distributed  observations  of  an  environmental  parameter  P  have  been  made  in 
a  certain  "module"  in  space  and  time.  Each  observation  of  P  provides  an 
independent  estimate  of  the  representative  value,  P^  ,  for  the  module.  If 
N  is  large  a  plot  of  the  frequency  distribution  of  the  observed  values 
probably  would  be  a  close  approximation  to  a  normal  distribution.  Figure  5 
shows  an  assumed  distribution*  for  the  observations  where,  for  convenience, 
P  has  been  identified  as  sea-surface  temperature,  T  . 


Our  best  estimate  of  the  representative  temperature,  Tj,  ,  is  provided 
by  the  mean,  T^-  ,  of  all  available  data: 


If  the  sample  size  (N)  is  large  then  we  may  assume  that  TP  =  IV  . 

i\  1\ 

The  variance  of  the  total  population  may  be  computed  from 


(For  the  distribution  shown  in  Fig.  5,  TN  =  20.0°C,  or.,  (the 

2  ' 
standard  deviation)  =  0.61  and  cr^  (the  variance)  =  0.38.) 

*  Although  Fig.  5  shows  a  normal  distribution,  this  is  not  a 
necessary  assumption. 
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N  Z  (fN  -  Tn)* 


FUNDAMENTAL  CONCEPTS  AND  FORMULATIONS  Or  TI1E  FIELDS  BY 
INFORMATION  BLENDING  ANALYSIS  METHODOLOGY 


Now  suppose  that  a  number  of  random  samples,  each,  of  s.ze  M 
where  M  <<:  N  ,  are  picked  from  the  total  population  used  to  compute  T;< 

9  _ 

and  a“  .  The  arithmetic  mean,  T  ,  ,  of  each  set  of  M  observa uons 
R  M 

provides  an  estimate  of  the  representative  temperature.  The  variance  of 
the  means  as  estimates  of  T~  is  given  by: 


(7) 


Consider  the  effect  of  increasing  the  sample  size  M  : 


2 

It  can  be  seen  that  for  any  M  ,  a“  may  be  calculated  by  taking  the 

M 

inverse  of  the  sum  of  M  terms  of  (<7^)-1.  Clearly  the  larger  the  number  of 
observations  used  to  compute  T^j  ,  the  less  is  the  variance  associated  with 
the  sample  mean  and  the  more  confident  we  therefore  can  be  that  any 
particular  value  of  T^  provides  a  close  approximation  to  TR  computed  from 
the  total  population  N  . 

This  leads  to  the  concept  of  the  reliability  (or  weight)  to  be 
associated  with  any  estimate  of  Tn  provided  by  the  mean  of  M 
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observations  of  T  .  We  define  the  weight,  A  ,  of  a  single  observation  by 


1 


9 


(8) 


Thus,  for  M  observations,  the  weight  to  be  associated  with  (the  best 
estimate  of  Tr,  provided  by  the  M  actual  observations)  is  MA. 

Considering  Fig.  5  as  an  example,  A  =  ,  “2.7.  Thus  if  any 

single  observation  were  picked  at  random  from  all  those  available,  its 
associated  reliability  (as  an  estimate  of  TR)  is  2.7.  If  2  observations 
were  selected  at  random  the  mean  of  these  two  observations  would  nave  an 
associated  reliability  of  5.4. 

The  constraint  that  M  be  a  subset  of  N  is  not  necessary.  The 

2  **  1 

evaluation  of  (o' )  based  on  a  large  sample  provides  a  "class  weight" 

R 

for,  in  this  example,  sea-surface  temperature  observations.  Suppose  that, 

for  another  but  similar  module  in  space  and  time,  a  single  observation  of  1 

is  made.  The  reliability  of  this  observation  as  an  estimate  of  the  local 

2 

representative  temperature  Is  A  ( :  l/c^ )  .  If  5  observations  are  available 
then  the  associated  reliability  of  the  mean  temperature  as  an  estimate  of 
the  unknown  representative  temperature  is  5A. 


One  of  the  fundamental  concepts  upon  which  FIB  is  based  may  now 
be  stated.  Any  piece  of  information  is  incomplete  without  an  associated 
reliability.  For  an  independent  piece  of  information  the  reliability,  or 
"report  weight",  is  defined  as  the  inverse  of  the  error  variance  inherent  in 
the  observation  and/or  associated  with  the  class  of  observation. 

The  FI 3  methodology  is  based  on  fundamental  rules  for  adding 
uncorrelated  variance  contributions  and  for  adding  independent  information. 


■ 
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with  any  class  of  observations  may  be  taken  into  account  by  the  FIB  concept 
-  report  w< right  as  defined  above.  As  v. ...  be  seen,  this  conce]  ind 
associated  formulations  means  that  FIB  is  able  to  handle  low-quality  date 
and  from  it  extract  (or  distill)  the  information  component  which  is  relevant 
.  the  object  parametei  In  the  object  scale  of  resolution.  FIB  should  1  £ 
regarded  as  an  information-processing  methodology. 


The  factor  which  may  introduce  errors  which  are  correlated  is 
c  ncemed  with  calibration  bias  of  a  whole  class  of  instruments.  In  general 
tms  does  not  occur — for  example  comparison  of  a  largo  sample  ox  barometers 

with  a  standard  barometer  would  not  reveal  a  consistent  bias.  The  calibr _ on 

of  individual  instruments  may  be  incorrect  but,  as  a  class,  it  is  reasonable 
to  assume  that  calibration  errors  are  normally  distributed.  Even  for 
observations  which  are  subjective  estimates  (such  as  obseivations  of 
wave  height)  it  is  not  likely  that  observers,  as  a  whole,  report  consistently 
high  or  low.  However  a  calibration  bias  problem  is  encountered  wit  it 
satellite-derived  data  and  not  only  because  the  measurements  are  made  by 
a  commop  instrument.  The  transmission  functions  on  which  is  based  the 
interpretation  of  the  measured  radiances  omit  a  variety  of  secondary 
attenuation  factors.  Their  variance  contributions  can  be  expected  to 
correlate  spatially  to  some  degree.  Using  a  FIB  capability  known  as 
"Alternating  Parallel  Analysis"  (APA) ,  the  calibration  bias  of  satellite- 
derived  data  may  be  circumvented.  (See  Section  q.12.) 


3 . 2  F.ip.c  FIB  au'ics.  Formulations  and  IVfir.:.  :or,s 

The  Fields  by  Information  Blending  methodology  is  based  on  a  small 
number  of  fundamental  rules  and  associated  formulations  for  adding  (or 
subtracting)  uncorrelated  variance  contributions  and  for  adding  (or  subtracting) 
Independent  information.  These  rules  and  formulations  are  presented  in  this 
Section.  As  will  be  seen  by  the  numerical  example  given  in  Section  3.2.6, 
although  derivation  of  the  fundamental  FIB  rules  is  a  matter  of  some 


complexity,  these  rules,  once  derived,  are  relatively  easy  to  apply. 


h"j«>  1 


:  :  .  n  f  th(  Ari _ y  t  ,n.  Me  iule 


Consider  a  2 -dimensional  orthogonal  grid  system  of  dimensions 
UM  gad  points  covering  the  area  for  which  an  analysis  of  the  object 

:  .  perf  —  ••  Within  limits  sed  by  the  computer 

system  L  and  M  may  be  chosen  to  provide  any  desired  degree  of  resolution 

. :  iC<  '  (Whethef  nc ;  d*  .  d€  .  e  c  i  . . 

'  . ly .  ved  depends  -  inform . ■ . .  .  .  ..... 

A: . rary  1  '  int  :  »V  ^  desi  jnatt  .  .  y  th< .  ers  i,*  .  y. ,  ..  fine 

too  .ui£dt?lo  Of  the  analysis  area  to  be  associated  with  l,-  as  the  corner 
1  int  A'~  '  two  sides,  and  the  int< .  ..  r  area;  see  Fig.  6. 
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Figure  6 


.he  arbitrary  *,n  area  module, 
two  sides  and  the  interior  area. 


consisting  of  the  corner  point, 
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3.2.2  Weight  or  Reliability 


Let  P  be  any  parameter.  Let  be  the  representative  value  of  P 

for  a  small  region  in  space  and  time  where  P  is  determined  from  a  large 

number  N  of  independent  observations — see  Eq.  (5).  Let  the  variance 

2 

associated  with  these  observations  be  cr  — see  Eq.  (6).  Let  P  be  an 

R  n 

independent  measurement  of  P  .  If  P  is  made  in  the  same  region  as  the 

n 

N  observations  used  to  compute  ,  then  P  is  an  estimate  of  P„  .  As 

R  n  R 

discussed  in  Section  3.1,  the  reliability  of  P  as  an  estimate  of  P  is 
2  n  R 

given  by  l/a  .  If  P  is  made  in  another  locality  (but  with  similar 
R  n 

variabilities)  then  P  is  an  estimate  of  the  (unknown)  value  of  P^  for 
n  R 

that  locality.  However  the  reliability  to  be  associated  with  P  as  an 

2  n2 

estimate  of  the  unknown  value  of  P  is  still  given  by  1/a  --a  is  the 

R  R  R 

"class  variance"  to  be  associated  with  observations  of  P  ,  and  the  "class 

2 

weight"  is  defined  as  l/a  . 

K 

However  the  concept  of  class  weight  may  be  extended.  By  way  of 
illustration  suppose  that  we  measure  SST  by  two  distinct  classes  of 
instrument — say  a  sea-bucket  and  the  surface  reading  from  an  expendable 
bathythermograph  (XBT) .  For  reasons  given  in  Section  3.1  the  dispersion 
for  the  two  types  of  instrument  may  be  different.  Clearly,  therefore,  there 
is  a  class  variance  associated  with  one  type  (or  class)  of  instrument  which 
differs  from  the  class  variance  associated  with  the  other  type  of  instrument. 
How  do  we  combine  an  observation  from  one  class  with  an  observation  from 
another  class,  and  what  is  the  reliability  to  be  associated  with  the  resultant 
of  the  combination?  This  question  is  answered  in  the  following  Section. 

3.2.3  Addition  of  Information 

Suppose  we  measure  values  of  an  object  parameter  P  by  two  classes 

of  instrument.  Let  the  class  variance  (based  on  a  large  number  of  independen 

2 

observations)  for  one  class  of  instrument  be  a^  and  for  the  second  class  be 


.  Then 


a 


2 

1 


(VJ) 


and 


(PR'P2,„)2  <10> 

where  X  is  large,  P  ^  and  1‘.,  are  observations  in  a  given  module  made 

by  the  two  classes  of  instrument,  and  P  is  the  representative  value  of  p 

k 

tor  that  module. 

Let  P  be  the  optimum  resultant  to  be  obtained  from  combining  an 
observation,  P  ,  from  one  class  with  an  observation,  P  ,  from  the  second 
class.  We  assume  the  form 


N 


n  -  1 


W  P  h  W  P 

1  1  2  2 

r  - 


W . 


1 


w 


(11) 


where  W  ^  and  U'.,  are  arithmetic  weighting  factors  to  be  chosen  in  such  a 
way  that  P*  is  indeed  the  optimum  resultant. 

We  may  re-write  Eq.  (11)  as  follows: 


D 


* 


*•  «P2 

1  +  a 


fib) 


where  a  =  W^/w^ 
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m  95  m  **  ■ 


Based  on  a  large  number  N  of  such  pairs,  the  variance  to  be 
associated  with  P*  is  given  by 


^z 


N  V  R 

n  =  1  ' 


P,  +  Q  P„ 

-laJl _ LlR 

1  t-  a 


(1  r a) 


^«2  > 


P  -  P 
It  2 ,  n 


N  2“  Z  (PR-Pl,n)(PK-l’2, 


Since  the  differences  (P„  -  P,  )  and  (P_  -  P„  )  are  uncorrelated 

It  1 ,  n  It  2 ,  n 

and  unbiased 


N  (PR  "  P1 ,  n)  (Plt  ~  P2  ,  n) 


Thus  from  Eqs .  (3),  (10)  and  (14),  Cq.  (13)  becomes 


2  2  2 
a  +  a  o 

1  Li 


(1+a) 
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To  determine  that  value  of  a  which  minimizes  e"  we  set 


Thus  from  Cq.  (15) 


2  *  +Q)“  -  2(l  ra2°l) 


Kearrangement  prov ido, 


o  » 

a  -  a"  cr“ 


Substituting  for  Or  in  Lq.  (12)  and  dividing  throughout  bv  cr“ 


provides 


t f  ■  P2)/(^  ■  *1) 


In  accordance  with  Cq.  (8)  we  now  define  the  class  weight  A  ,  to 
associated  with  the  first  class  of  instrument  by  A  j  -  l/e‘‘  and  the  class 
weight  A2  to  be  associated  with  the  second  class  of  instrument  by 
A  2  =  l/a“  .  From  Eq.  (17) 


A1  ‘1  1  A2  r2 
A!  -  A2 


What  weight,  A  ,  is  to  be  associated  with  P*  ? 


- > 


From  Eqs.  (15)  and  (16) 


Thus 


(19) 


Defining  the  weight  A*  1/°*  we  see  that 


A*  =  A  +  A_ 


(20) 


To  sum  up,  if  we  have  two  classes  of  observations  whose  class 
weights  (defined  as  the  reciprocal  of  the  respective  class  variances 
determined  from  large  samples)  are  A^  and  A^  «  then  the  best  estimate  P 
of  the  representative  temperature  PR  provided  by  an  observation  from 
the  first  class  and  an  observation  P0  from  the  second  class  is  given  by 
Eq .  (18),  and  the  reliability  of  P*  as  an  estimate  of  PR  is  given  by 
Eg.  (20). 


Suppose  now  we  wish  to  combine  a  third  observation  P^  oi  class 
weight  A  ,  with  the  resultant  P*  of  weight  A*  .  Denoting  the  new 
resultant  by  P'*  and  its  associated  weight  by  A'  ,  then 
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a*  i>*  *•  a,  r 

_ 

A*  +  A. 


A,  r,  *  A,  1',  .  A,  r, 

Al  *  A2  +  A3 

Jnd  A'*  -  a"  *  A, 

3 

*  A,  -  A2  ♦  A3  . 

XMC  ,hM  tho  rosulun:  is  independent  of  the  order  in  which  the 
observations  are  assembled. 


Equations  (21)  and  (22)  generalise  the  discussion  of  the  reliability  o. 
observations  given  in  Section  3.1  where  we  assembled  M  observations  ot 
equal  weight  A  Eg .  (21)  provides  P*  -  P  and  Eq .  (22)  gives  A*  -  M\ 

A  question  wliich  might  be  posed  at  this  point  is  "Why  introduce  class 
weights?  Why  not  assemble  all  observations  on  an  equal  basis  using  a 
single  weight  which  is  a  measure  of  tho  expected  variance  to  be  associated 
with  observations  of  P  in  general?"  The  answer  to  this  is  best  explained 

by  d  nUmerical  oxaniplG-  <This  example  also  setves  to  illustrate  utilisation 
ot  the  PIB  rule  for  adding  information. ) 

Suppose  that  in  a  certain  module  in  space  and  time  an  observation  of 
sea-surface  temperature  is  made  using  both  a  sea-bucket  and  an  XH2.  I.ct 
tlie  two  observed  temperatures  bo  12.0°C  and  H.2V  respectively,  pased 
on  previously  determined  distributions  it  is  estimated  that  the  associated 
class  weights  are  A^  =  4.0  and  A2  =  2.0-see  curves  2  and  3  in  Pig.  7. 

(the  reason  for  curve  1  will  become  apparent  shortly.)  From  Eg .  UO) 
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curve  1  curve  2  curve  3 


a  =  0.61 

a  =  0.50 

a 

=  0.71 

o2  =  0.38 

a2  =  0.25 

c2 

=  0.5 

A  =  2.7 

A  =4.0 

A 

=  2.0 

Figure  7  Curve  1  shows  the  total  distribution  of  sea-surface  temperature 
observations  for  a  given  module  in  space  and  time.  Curves  2  . 
and  3  show  the  distributions  for  each  of  the  two  classes  of 
instrument  contributing  to  the  total  distribution.  (Curve  1  is 
the  same  as  Fig.  5.) 


or  Eq.  (21) 


T*  -  4.0  x  12.G  +  2.0  14,2  _  o 

4.0  +  2.0  13,1  C 

where  T  is  the  best  estimate  of  the  local  representative  temperature 
available  from  the  two  observations.  From  Eq.  (20)  or  Eq.  (22)  the  weight 
A*  to  be  associated  with  T*  is  6.0.  (T*and  A*  have  been  obtained  using 
the  fundamental  FIB  rule  for  adding  information.) 

To  answer  the  question  originally  posed,  we  now  need  to  determine 

what  T*  and  A*  would  be  if  all  observations  were  treated  as  a  single  class. 
2  2 

Since  A^  (=  l/cr^  )  and  A ^  (=  1 /o  )  both  have  been  determined  from  a  large 

number  of  observations  then  the  variance  of  the  composite  data  set  is 

c 

given  by 


CTc  =  • 

2 

Thus,  using  the  numerical  values  given  above,  cr  =0.38  and 

c 

A  =  2.7 — see  curve  1  in  Fig.  7. 
c 

Using  observed  values  of  12. 6° C  and  14. 2° C  as  before,  but  this 

time  with  the  variance  appropriate  to  a  single  combined  class,  T*  =  13.4°C 

*  _  c 
and  A^  -  5.4.  Note  that  by  failing  to  utilize  separate  classes  we  have 

lost  resolution — i.e.,  information. 

In  general  it  can  be  seen  that  if  the  reports  available  for  analysis 
are  of  diverse  qualities — falling  into  distinguishable  classes  based  on 
associated  variances — then  they  must  be  treated  as  separate  classes  in 
order  to  extract  the  maximum  amount  of  available  information. 
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Removal  of  Information 


i’he  contribution  of  a  piece  of  information,  P  oi  weight  A^  , 
which  already  has  been  assembled  into  a  resultant,  P  of  weight  A*  , 
may  be  removed  by  subtraction: 


P*  =  A*  P*  ■  An  pn 
B  A*  -  A  ~ 

n 


>3) 


(2-1) 


where  P*  of  weight  A*  mav  be  regarded  as  the  "background  imormation" 

B  b 

remaining  at  the  location  after  removal  of  the  information  P  of  weight  A^  . 


3.2.5  Addition  of  Contributing  Variances 
2 

Let  a“  be  the  variance  associated  with  P^  ,  an  estimate  of  quantity 


"p  ‘  x  Z)  (‘’k  '  I’»)2 


n  =  1 


where  N  is  large. 


Let  o“  be  the  variance  associated  with  b  ,  an  estimate  of  quantity 
b  n 


V 


N  S  (bR  '  bn)2 


n  =  1 


where  N  is  large. 
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What  is  the  variance  to  be  associated  with  the  combination 


Pro? 
n  —  n 


By  straightforward  analysis,  again  where  X  is  large. 


2  1_  V'' 

J?r_b  N  /  J 


n  =  1  L 


(p 

_  +  b„  | 

(p  t  b  \ 

\ 

R  -  R  J 

\n_  n/ 

X 


n  =  1 


■s  E  (PR  "  Pn)  i  (bR  -  b„) 


X 


n  =  1 


(p 

v 

+  /b_  -  b  V  -i-  2  /p 

-  p  Vi 

vl 

>  -  b  ) 

\ 

R  nj 

1 

R  n/  \ 

R  n/  j 

As  before  (see  Eq.  (14)),  since  the  differences  (PD  -  P  )  and 

i\  n 


(b_  -  b  )  are  unbiased  and  uncorrelated, 
R  n 


X 


sZ(V  Pn)(bR  -  b„) 


n  =  1 


and  hence 


P  t-b 


2  2 

a  +  a 
P  b 


(25) 
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ng  ua  t  ion  \2  5 )  is  the  fundament  a  1  *  *  .*  :u  It1  t  or  the  add  i  *  ion  o.  cent :  i . 
variances.  At  tins  point,  to  aid  understanding ,  we  should  now  consuio: 
some  practical  interpretations  of  this  rule. 

Suppose  at  grid  point  "  ,  parameter  P  has  a  representative  value  of 

P  ...  and  at  grid  point  "t+1  i.as  a  representative  value  of  P  .  Xow 

iv  *  ft , "  <- 1 

suppose  we  have  an  independent  estimate  d.e.  ,  measurement)  b  of  the 
difference  in  P  between  ~  and  +1  .  Thus  b„,  is  an  estimate  of 
ft-,  ,  -  P„  „  .  This  will  be  written 


R ,  '■  1 


i’he  reliability  of  this  estimate  may  be  defined  by  the  class  weight 

B  1/cT  . 
b 

Xow  assume  that  at  the  grid  points  "t  and  "■  1  we  do  not  have  the 
representative  values  but  actual  observations  p  and  P  .  (Xote 

t  rl 

P~  ^  „  and  P  P  „  .)  Thus  at  n+l  we  have  two  estimates  of 

t\,  -  .  »  1  K ,  *  r  1  - 

*  *  -  ,  i  .  *  and  P„  <•  b^  .  The  weight  associated  with  P  ,  is  sav  A  . 

'  1  '  T 1  ■  •  rl 

But  what  weight  should  be  associated  with  the  linear  combination  P  rb,  . 
According  to  Eg.  (25)  the  associated  variance  is  given  by  1/A  +  1/3  .  In 
general  for  a  linear  combination  of  such  independent  estimates 


0  ~  1  -  u2  -  - 


the  associated  variance  is  given  by 


a:1  i-  b7 
0  1 


(To  give  a  numerical  example,  if  the  SST  at  ~  is  observed  as  20.0°C  with 
a  reliability  of  *1.0  and  the  SST-difference  between  t  and  +-1  is  observe* 
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as  3.0°C  \rr-  rl  warmer)  with  a  reliability  of  2.0,  then  the  best  estimate  of 

Pr,  ,  provided  by  these  two  pieces  of  information  is  23.0°C  with  an 
j<  ,  - T 1 

associated  reliability  of  1.33.) 

One  interesting  point  is  worth  r.oting--our  best  available  estimate  of 
b  may  be  zero  but  we  still  have  to  take  its  associated  variance  into  account. 
For  example  suppose  at  grid  point  an  SST  observation  of,  say,  18.0°C 
was  made  two  hours  ago  with  a  reliability  of  4.0.  If  we  have  no  other 
information  available  then  our  best  estimate  of  the  current  value  of  SST  at 
this  grid  point  is  still  18.0°C  (i.e.  ,  b  =  0).  However  it  is  clear  that  the 
re. .ability  of  this  observation,  when  carried  along  the  time  axis,  is  less 
than  it  was  two  hours  ago.  If  the  variance  associated  with  a  time-increment 
of  two  hours  (based  on  a  large  number  of  observations)  is,  say,  0.25,  then 
a  reliability  of  2.0  is  to  be  associated  with  18.0°C  as  an  estimate  of  the 
current  representative  value  of  SST  at  grid  point  ^  . 


As  a  final  point  in  this  Section  we  now  consider  the  reliability  of 

2 

the  product  kP  where  k  is  a  specified  constant.  If  o  is  the  variance 
n  K 

associated  with  observations  of  P  ,  then 


a 


2 

R 


The  variance  associated  with  kP  is 

n 


N 
N 

n  =  1 


k2cr 


2 

R 


(28) 
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It  will  be  noted  that  the  fundamental  formulations  of  the  FIB 
methodology  are  not  based  on  the  requirement  of  normal  distributions , 


3.2.6  A  Numerical  example 


Tm  :  14.2,  2.0;  14.6,  3.0;  16.3,  6.0 


T":  r  1  "  V  :  3-3'  2-0;  3*5'  3-0;  3-8'  4*° 


-1  I  T^+1:  17.0,  2.0;  18.4,  4.0;  19.5,  5.0 


bm  +i  -Tfn+1):  1.1,  4.0;  0.8,  2.0 


•  Tw  r2  ;  20.0,  2.0;  19.6,  3.0;  21.3,  5.0 


The  above  diagram  shows  3  locations — ^  ^  1  ,  +2  .  At  each 

location  3  observations  of  temperature  are  available  of  known  weight  (say 
by  class  weight).*  In  addition  estimates  of  b^  and  b„  ^  are  available 
from  independent  sources.  These  estimates  and  associated  weights  are 
shown  in  a  similar  manner.  Based  on  the  FIB  rules  and  definitions  given 
previously,  what  is  the  best  estimate  of  temperature  (and  associated 
reliability)  at  the  points  n  ,  "J  +1  ,  n  +2  ? 

First,  Eqs.  (21)  and  (22)  may  be  used  to  assemble  the  information. 
For  example  at  , 


14.2x2.0  -t-  14.6x3.0  ^  16.8x6.0 
2.0  +  3.0  +  6.0 


1 5 . 7  C 


and  Am  =  11.0 


Parameter  magnitude  P  and  associated  weight  A  are  shown  as  P,A. 
Thus,  for  the  first  observation  at  location  r  ,  the  parameter  value  is  14.2°C 
and  the  associated  weight  is  2.0. 


1 8 .  o°  C ,  11.0 
20. 6°C,  10.0 

The  estimates  for  b  and  b  ,  also  may  be  assembled: 

b^  =  3 . 6,  9 . 0 

and  b  ,  =  1 . 0 ,  u .  0 

"M-l 

The  effects  of  assembly  may  be  illustrated  thus: 

T„  =  15.7,  11.0 

b„.  =  3.6,  9.0 


"i  +1  ^ 

> 

r 

[  V.+i 

l 

13.6, 

11.0 

b~+l  = 

1.0, 

6.0 

”.t2 

r  „ 

+2 

20.8, 

10.0 

Note  for  example  that  b 

-Tn) 

is  3 . 6 

o  whereas  I  .  —  i.  fro.-** 
^  + 1  • 

d.rec:  observation  is  2 . 9° C .  The  information  sources  conflict  and  the  best 
compromise,  based  on  reliability,  must  be  effected. 

Let  die  resultant  temperatures  based  on  all  available  information  Lx 
T„  ,  T,.  ^  ^  and  T,^  at  ‘•‘l  and  "  +2  respectively,  the  correspondin'.; 

weights  being  A*  ,  A*  ,  and  A„  „  .  To  find  T*  „  ,  T  must.be  combined 
with  b  ,  the  'resultant  assembled  with  T  ,  ,  the  resultant  combined  with 

”  n  ri 

,  ,  and  the  resultant  assembled  with  T_  ^  .  At  all  stages  the  appropriate 
weights  must  be  taken  into  account. 
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1 5  .  i.  C  , 


A 


1  i>  .  i> 


20.5  C  , 


,2  "  14'4 


Five  points  may  bo  noted: 

a.  The  above  example  is  a  very  simple  riB  analysis — all  available 
information  has  been  blended  together  to  provide  the  best 
estimate  of  temperature  at  "i  ,  >  1  and  *2  . 

l).  it  desired  b  and  B  values  could  be  calculated. 

c.  The  expected  variance  of  analysis  is  given  by  (A*)  '--i.e., 
0.06,  0.05,  and  0.07  at  *!  ,  ":+l  and  "!+2  respectively.  (The 
corresponding  standard  deviations  are  0.25°C,  0.22°O  and 

0 . 26°C. ) 

d.  1‘he  analysis  has  used  class  weights.  The  analysis  may  bo 
refined  by  "reevaluating"  the  reliability  of  reports  in  the 
context  of  all  other  independent  (l.e.  ,  "background") 
information.  How  this  is  done  is  described  later.  However 
the  statement  in  point  a.,  that  we  have  computed  the  best 
estimate  of  temperature,  may  not  be  quite  correct. 

e.  A  simple  subjective  analysis  might  compute  the  mean  temperature 

at  each  location  (15.2°C,  18. 3° C  and  20. 5° C  for  H  anti 

’"*2  respectively).  How  the  gradient  information  could  be 
realistically  assimilated  is  not  clear.  Neither  is  such  a  scheme 
capable  of  determining  the  reliability  of  the  analysis. 

This  simple  example  also  may  be  used  to  demonstrate  how  information 
may  be  spread  to  a  point  where  no  direct  observations  are  available. 
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Suppose  that  no  observations  wore  available  at  the  ">  >1  location.  After 
assembly  wo  would  have: 


T„,  =  15.7,  11.0 

b,„  -  3.o,  9.0 

b  ,  -  1.0,  0.0 

■"  *-1 

T  ,  -  20.8,  10.0 

This  information  provides 


*  T* 

-  15. 8°  C, 

A*„ 

-=  13. 8 

(b" 

-  0.07, 

a 

0.27) 

"i  + 1  •  T*  , 

’’I  r  1 

u 

C/J 

Q 

* 

A.„ 

.1  •  8-7 

9 

lb" 

0.11, 

<y 

-  0.34) 

•  +2  •  T 

r  t-2 

-  20 . 7°  C  , 

* 

A... 

-i-2  =  12  ’ 7 

O 

(b 

=  0.08, 

a 

:  0.28) 

Mote  how  the  decrease  in  information  has  affected  not  only  the  ftna 
values  of  the  object  parameter  but  also  the  reliability  of  those  values.  As 
would  be  expected  the  greatest  change  in  reliability  occurs  at  the  point 
where  no  data  is  available--the  weight  has  been  reduced  from  19.7  to  8.7 
(i.e.  ,  the  standard  deviation  has  increased  from  0.22°C  to  0.34°  0). 

As  shown  later,  information  may  be  spread  in  more  than  one 
dimension.  However  it  can  be  seen  that  intormat  ion-spreading  lit'.  :  ..n 
simple  example)  is  achieved.  In'  way  of  the  gradient  estimates.  (b,!d  .  In 
general  such  estimates  are  not  provided  by  direct  observation.  Sources  ot 
spreading  information  are  discussed  under  "Parameter  Initialisation  Fields" 
(Section  4 . 4) . 


_  O  O 


3 . 3  hxniicit  Blending 

The  numerical  example  given  in  the  previous  Section  is  an  example 
of  explicit  blending.  A  general  solution  for  such  a  problem  is  discussed  in 
this  Section. 

Suppose  we  have  a  one-dimensional  array  of  independent  information 
concerning  parameter  P  . 


Level 


Values 


Woiohts 


b  3  P  -  P 
1  2  1 


b  35  P 
2  3 


b  a  P 
3  4 


Pj  through  P  denote  the  (assembled)  values  P  at  levels  1  through 
4  respectively.  Associated  weights  are  A^  through  A^  .  The  estimates  b 
of  weight  B  are  independent  estimates  of  the  gradient  of  P  ,  expressed  in 
finite-difference  form,  along  the  axis  of  the  array. 


What  is  the  resultant  value  P*  of  weight  A  ,  say  at  level  4,  that 
is  provided  by  the  available  information? 


7 
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At  first  sight  it  would  seem  that  tour  estimates  are  available  for  P. 


Weioht 


P  +  b  +  b  +•  b„ 

1  1  o 


,-i  -i  n-i  D-i 

A1  +  bl  +  B2  r  b3 


P9  +  b  +  b. 


,-i  4.  n-i 

S  B2  b3 


P,  +  b 

3  3 


A-i  *  P-i 

\  +  b 

o  o 


However  it  would  be  wrong  to  combine  these  by  the  FIB  rule  for  adding 
independent  estimates;  the  estimates  are  not  independent.  The  errors  are 
correlated.  There  are  common  contributions  to  the  variances  of  the  first 
three  estimates  listed. 

There  is  a  stepwise  procedure  for  combining  the  available  information 
which  satisfies  the  condition  of  independence.  The  information  which 
propagates  toward  level  4  can  be  accrued  step  by  step.  (This  stepwise 
procedure  was  used  in  the  numerical  example.)  At  level  2  the  values 


+  b^  of  weight 


and  P„ 


of  weight  A 


can  be  combined  by  the  rule  for  the  addition  of  independent  estimate: 
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2(1*2) 


K1 

*  b;1) 

A  P 

2  2 

-  2  \  - 1 

*  Bj  )  +  A2 

W‘  *  "i1 


L'T '  )  1 


where  the  subscript  parentheses  have  been  abe.ee.  to  show  the  sequence  o. 
combination. 

Next,  at  level  3,  the  values 


r2(lr2)  *•  b2  ofweight  (A2(l-2)  + 


a  nd  P„ 


of  weight  A 


can  be  combined  to  form 

p3le2*3)  °fW0Ujht  A3(l*2+3) 
Finally,  the  procedure  is  repeated  to  form 


4  (1+2+3 +4) 


of  weight  A_., 

3(1+2  +3+4) 


which  are  tlie  resultants  P,  of  weight  A  . 

*i  * 

Note  that  the  information  arriving  at  level  4  from  external  sources  u 

^*3 (1+2+3)  "  b3  °fwsl9ht  ('hll.2.3)  " 

The  weight  is  upper-bounded  by  mote  slgnif  leant  ly ,  by  It,. 


.  ■><  lllW>  ll  <fl  M  ,* 
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For  an  intermediate  point, 


say  lovel  3,  ii.o  ambient  informaiior 
arrives  from  two  directions .  I'he  available  independent  estimates  are: 


of  weight 


-1 
b , 

1 


(4+3) 


b  of  weight 


F_  o:  weight  A,, 


inis  ste  pw  i  s  e  pioeee.ui  e  ■  s  u’i  moo  e  \  p  i  i  c  i  i  bioiiviai'i  a  mi  lio  .mi 
i  e  s  a  l  to  nt  \  vi  1  n e s  a : id  re s ti  1 1 %i n .  wrii'. ■  1 1>  •  !  ,x  g  1  ic  • :  i'loiviinij  can  ac  a  i  ! i e , . 

any  array  in  which  each  point  is  connected  to  any  other  point  by  a 
path. 

The  reason  why  stepwise  (or  explicit)  blending  may  only  be  ti;  e,. 
linear  arrays  is  clear  from  the  following  diaeram  which  shows  the  simpies 
possible  two-dimensional  array: 


At  any  specified  grid  point,  information  from  either  o:  the  two  e,  ,, 
grid  points  can  arrive  by  two  paths — either  directly  or  indirectly,  tl'i.e 
dotted  lines  in  the  diagram  show  the  two  information  paths  from  location  1 


location  3).  The  total  information  arriving  at  the  specified  grid  point  is  not 
independent,  explicit  blending,  although  useful  in  certain  applications, 
cannot  provide  an  analysis  of  two-dimensional  arrays  of  information. 

To  analyze  such  two-dimensional  arrays  is  a  more  difucult  task 
involving  "implicit  blending".  In  the  following  Sections  the  concepts  o: 
implicit  blending  are  introduced  and  illustrated  by  using  a  simple  linear 
array.  These  concepts  are  then  generalized  and  extended  to  encompass  an 
array  such  as  that  shown  in  Fig.  6. 

3 .  -1  Simple  Implicit  lUendino  in  One  Pirnon.-- ion 

3.4.1  The  Error  Functional 

Consider  the  following  linear  array: 


_2 

• 

1 

P~-2 

'  A-;-2 

1 

1 

b^-2 

-  B*.  _2 

rrj-1 

1 

• 

1 

Pn;  _1 

'  A,-l 

1 

1 

Vl 

'  Vi 

m 

1 

• 

1 

P„  - 

t 

A,,. 

1 

1 

bn;  - 

Br- 

m  +1 

1 

• 

1 

'  +1 

1 

1 

bT  +1 

'  ^+1 

m  +2 

1 

• 

+2 

'  A-j+2 

Figure  8  A  one-dimensional 

array 

of  independent  information 
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This  shows  five  locations  with  the  parameter  value  P  and  weight  A 
at  each  location  and  b  shows  the  finite  first-difference  values  of  weight  B. 
For  any  m  ,  .  All  information  is  independent. 

At  any  location  the  difference  between  the  assembled  values  and  the 
resultant  values  may  be  regarded  as  disparity.  To  produce  the  optimum 
resultant  over  all  ^  the  sum  of  these  disparities  must  be  minimized  in  an 
appropriate  manner. 

To  carry  out  this  process  for  the  one-dimensional  array  shown  here, 
we  define  an  "error  functional"  E  as  follows: 

m  +2 

*  ■  E 

m  =  m  -2 

(E  is  the  sum  over  all  n  of  the  weighted  squares  of  the  contributing 
disparities . ) 

•jL 

For  any  resultant  P  ,  the  value  required  is  that  which  minimizes 
its  contribution  to  E  .  For  any  location  m  this  can  be  achieved  by 
setting 

ap-  =  0  •  (32) 

m 

To  do  this,  terms  in  Eq.  (31)  involving  P*  are  separated: 

E  =  . ..  +  A_fp*  -  pV  +  B_Vp*  -  P*  -  b  )2 

n  y  m  ml  m  + 1  m  m) 

+  Bm  ,[P*  -  P*  -  b_  ,Y  +  ... 

^2  —  1  \  W  - 1  -1  J 
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^  El 

Setting  ^7**  =  0  and  rearranging  provides  Pm  : 


A  +B  +B  •  P  =  A  •  P  f  B  •  ( P 

"  m  arn  ~  \  I  rn  m  m  ’ n 


(-1 


+  B 


m  -1 


m-l 


(33) 


There  is  one  such  equation  for  every  m  . 


It  will  be  noted  that  Eq.  (33)  does  not  directly  provide  the  reliability, 
A*  ,  associated  with  P*  .  Rewriting  Eq.  (23)  fora  particular  grid  point  n 
gives : 


* 

A  „  P„ 


A. 


-  AmP„ 

-  A„ 


(34) 


where  P 


B(rc) 


is  the  resultant  background  information  available  at  "  if 


information  contributed  by  P^  ,  A  is  removed.  Clearly  however,  the  same 

resultant,  P*  ,  ,  would  be  obtained  if  the  analysis  were  carried  out  without 

B(m ) 

including  P^  ,  in  the  first  place.  Rearranging  Eq.  (34)  gives 


-  P. 


=  A. 


B  (r  ) 


-  p: 


(35) 


B« 


To  solve  this  equation,  Eq.  (33)  is  used  to  determine  P*  (of  course 
including  the  information  P  ,  A^).  Then  Eq.  (33)  is  used  again,  this 
time  with  A  =  0  ,  thus  providing  P*,„.  .  Substituting  these  values  and 
the  known  value  of  A^  in  Eq.  (35)  provides  a  simple  method  for  determining 
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3.4.2  A  Numerical  Example  of  Implicit  Blending  in  One  Dimension 

Considering  the  same  example  as  used  in  Section  3.2.6,  assembly 
provided  the  following  information: 


m  • 

1 

T 

m  ' 

Am 

=  15.7, 

11.0 

1 

1 

bm  ' 

Bm 

=  3.6, 

9.0 

1 

m+i  • 

1 

Tm  +l 

'  Arr  1 

=  18.6, 

11.0 

1 

1 

°m  -1 

‘  Bm  +  1 

=  1.0, 

6 . 0 

1 

m  t2  • 

Tm  +2 

'  Am+2 

=  20.8, 

10.0 

By  setting  m  -  n  ,  m  -  m+1  and  m  -  m+2  in  Eq.  (33)  and  inserting 

the  appropriate  parameter  values ,  three  equations  with  terms  in  Tx  ,  T 

m  m  + 1 

and  are  produced.  For  example,  the  equation  for  location  m  + 1 

simplifies  to 


T*  ,  =  0.23  T*  „  +  0.35  T*  +  8.88 

^2+1  m+2  m 


(36) 


Solving  these  three  equations  simultaneously  provides  15. 6° C,  19.0°C  and 
20.5°C  for  T*  ,  and  T*  ^  respectively — i.e.,  the  same  values  as 

provided  by  explicit  blending  (see  Section  3.2.6). 

To  find  say  ,  the  analysis  must  be  carried  out  again  but 

without  the  data  at  ^J+l  (18. 6°  C,  11.0).  Once  again  three  equations  are 
produced.  For  example  this  time  the  equation  for  location  m+1  simplifies  to 


TB(m+l) 


°-40  T*  +  0.60  T*  +  1.76 
m  +2  m 


(37) 
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(Compare  llq 5 .  (36)  and  (37),  noting  the  effect  of  setting  omitting  "  -1 
data.)  Solvin  j  these  equations  given  v*  ...  t  j,  -  19.5*  rhis  is  the  same 
result  as  produced  by  explicit  blending--see  page  51.  Substituting  in 
Eq.  (35)  provides  A^,  =  19.7 — again  the  same  result  as  produced  by 

explicit  blending. 

To  find  Ar  the  analysis  must  be  repeated  without  the  data  at 

^  it' 

location  n  ,  thus  providing  T  .  .  Substitution  in  Eq.  (35)  provides  A 

Bt  • ) 

A  similar  procedure  provides  A*  ,  . 

These  examples  demonstrate  tlie  equivalence  of  explicit  blending 
and  implicit  blending  (least-squares  computations)  in  the  case  of  one¬ 
dimensional  arrays. 


Implicit  Blending  in  Two  Dimensions 


3.5.1  Weighted  Information  Fields 

Blending  so  far  has  been  discussed  in  terms  of  a  linear  array.  An 
example  of  a  linear  array  involving  an  object  parameter  P  of  weight  A 
and  independent  estimates  of  first-differences  of  P,  b  of  weight  B,  is 
given  in  Fig.  8.  A  linear  array  may  be  considered  as  a  one-dimensional 
field.  It  can  be  seen  that  Fig.  8  may  be  regarded  as  two  pairs  of  fields, 
one  pair  being  P,A  and  the  other  being  b,B.  These  fields  may  be  shown 
separately,  thus: 
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Grid  Point 

O 

\7 

o 

IS 

Parameter 

First  Difference 

Value  * 

Weight 

Value 

Weight 

t  -2 

p 

”.-2 

-2 

bfl  -2 

B^-2 

":-l 

p-n-l 

A  ^  _  i 

b,-l 

B».-l 

rn 

p- 

At 

\ 

B- 

m  +1 

ft  -t-1 

b„  , 

ft  xl 

m  -t-2 

+2 

A  pj  +2 

+2 

B”!+2 

etc . 


(Note  that  tor  any  grid  point  m  ,  +  1  “  P„,  •) 

The  meaning  of  "Fields  by  Information  Blending"  now  is  apparent, 
in  the  context  of  the  simple  examples  so  far  discussed,  the  techniques  o: 
both  explicit  and  implicit  blending  outlined  under  Sections  3.3  and  3.4 
have  blended  together  two  "weighted  information  fields"  to  produce  a 
resultant  field-pair  P*,A*  which  provides  the  best  knowledge  of  the  "true" 
representative  value  Pp  (in  the  object  scale  of  resolution)  which  is 
provided  by  the  total  available  information.  The  roliabil it y  of  the  resultant 
at  any  point  <n  is  given  by  A*  .  If  more  information  were  available  then, 
of  course,  P*  would  be  (slightly)  modified  and  the  increased  reliability  of 

•k 

the  analysis  as  an  estimate  of  P  would  be  reflected  in  the  new  value  of  A  . 

The  concept  of  weighted  information  fields  may  be  applied  to  fields 
other  than  those  associated  only  with  the  object  parameter  and  first- 
difference  values .  For  example,  suppose  that  independent  estimates  of 


*The  term  "value"  always  is  used  in  the  sense  of  numerical  magnitude. 
Weight  (or  reliability)  is  used  for  value  in  the  sense  of  worth. 
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?  „  -  P  were  available.  We  term  such  estimates  "double  differences". 

”!  i-  2  rr- 

A  weighted  information  field  for  double-difference  estimates  could  be 
blended  with  the  ?, A  and  b,  3  fields,  thus  assimilating  the  additional 
information.  However,  rather  than  develop  the  error  functional  needed  to 
blend  double-difference  fields  with  the  P,A  and  b,B  fields  fora  linear 
array,  we  shall  consider  the  definition  and  blending  of  eight  weighted 
information  fields  for  a  two-dimensional  array. 

Figure  6  showed  an  arbitrary  grid  point  2  of  a  two-dimensional 
orthogonal  array  of  size  LxM  grid  points.  Setting  aside  for  the  moment  any 
boundary  considerations  we  may  define  the  following  elements  o:  information 
at  the  i  ,rr‘  grid  point: 


of  weight  A 


b 

of  weight 

B-r. 

where 

b  w 

=0 

P2,,.l 

-  P2 , 

(38) 

c 

rr 

of  weight 

Cm 

where 

cm 

=b 

?£t1,^ 

_  D 

*2,r; 

(33) 

dm 

of  weight 

Dm 

where 

drr. 

P2-rl , +1 

-  P2,r, 

(40) 

em 

of  weight 

E„ 

where 

e 

rrt 

mb 

-  P,  „ 

*  ,rr- 

(41) 

f  „ 

of  weight 

F"! 

where 

=b 

P*,-2 

-  P 

l  ,m 

(42) 

gm 

of  weight 

G  r* 

where 

qm 

=b 

p 

1+2, m 

-  P 

2  m 

(43) 

% 

of  weight 

Q* 

where 

% 

=b 

p .  + 

2,wj+l 

p  4-  p 

2+1,  rr„  2/ 

t-1 

^ l-l,m  ~  4  ?2  tr.  ' 


The  term  "double-difference"  is  used  rather  than  "second  difference" 
which  is  more  appropriate  to  a  finite-difference  expression  for  the  second 
derivative  of  ?  with  respect  to  distance.  It  may  be  noted  that  values  of  b 


are  both  single-differences  and  first-differences;  either  term  applies  to  a 


finite-difference  expression  for  the  gradient  given  by  (Pr»+i  -  P^)  per  grid- 
length.  Henceforth,  for  consistency,  b  will  be  referred  to  as  a  single¬ 


difference  estimate. 
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Those  eight  elements  of  information  are  shown  in  I'ig.  t).  The  six 


difference  estimates  (-1  single-differences  and  two  double-differences)  are 
indicated  by  arrows  joining  the  grid  points;  involved  in  Kgs.  (38)  through  (4  3) . 
P.  ,  A.  „  represents  "direct"  information  pertinent  to  the  object  paramo. or. 

* '  *  ’  2  * 

q,  is  an  estimate  of  the  Laplacian  v“p  expressed  in  finite-difference 
*  ,  "  l , 

form . 

Figure  9  shows  the  eight  elements  of  information  for  the  arbitrary 
grid  point  i ,n  .  These  eight  elements  overall  1  (i.e,f  where  *  assumes 
the  values  1  through  L  which  may  be  written  •£-].->  i.)  and  over  all  ” 

(’"  =  1  ->  M)  provide  eight  two-dimensional  arrays,  or  fields,  of  parameter 
values,  each  with  an  associated  weight  field. 

(Weighted  information  fields  other  than  the  eight  given  above  also 
could  bo  defined,  a  simple  example  being  a  "double-difference"  Laplacian. 
However  current  applications  of  PIB  to  the  analysis  of  two-dimensional 
distributions  of  an  object  parameter  P  are  based  on  these  eight.) 

Depending  on  the  object  parameter  of  the  analysis  there  is  a  variety 
of  sources  capable  of  contributing  to  the  required  eight  weighted  information 
fields.  These  sources  are  described  in  Section  4.  However,  given  that 
such  fields  can  be  provided,  the  concept  of  what  these  fields  represent 
should  be  appreciated. 

The  field  of  P  shows  the  magnitude  of  the  object  parameter  at  each 

grid  point,  P.  together  with  its  associated  weight  A  ,  .  The  fields 

for  parameters  b,  c,  d,  e,  f,  g  and  q  are  not  directly  concerned  with  the 

magnitude  of  the  object  parameter;  they  are  measures  (or  estimates)  of 

the  shape  of  the  field  of  the  object  parameter.  Thus  b,  ,  c,  ,  etc.  are 

c  ,n  x  ,  "i 

measures  of  the  shape  of  the  object  parameter  field  in  the  vicinity  of  the 
grid  point  l,"'  .  The  local  "shape"  is  expressed  in  terms  oi  single- 
differences  (b,  c,  d,  e),  double-differences  (f,  g)  and  the  Laplacian  ig) 
defined  in  accordance  with  Pqs .  (38)- (44)  and  shown  on  Fig.  9. 
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Symbols  ,uui  subscripts  :ot  ibo 
to  the  arbitrary  oi'Ui  point  t , 


on;ht  ir.tormai ion- elements 


i  i’U'1  ;\\i 
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Estimates  of  the  shape  parameters  are  derived  from  a  different 


source  (or  sources)  than  estimates  of  the  magnitude  of  the  object  parameter; 
in  other  words  shape  parameter  estimates  are  independent  of  estimates  o.'  the 
magnitude  of  the  object  parameter.  The  concept  of  separating  the  shape 
of  the  object  parameter  field  from  its  magnitude  is  a  fundamental  and 
essential  component  of  the  TIB  analysis  methodology. 

Since  shape  and  magnitude  are  derived  from  different  sources  there 
will  be  conflict  between  the  available  information.  Tor  example  in  the  case 
of  a  simple  SST  analysis  using  a  one-dimensional  array  (see  Section  3.2.b) 
we  saw  that  independent  gradient  estimates  did  not  agree  with  the  difference 
between  the  magnitudes  at  two  successive  grid  points.  FIB  takes  all 
weighted  information  fields  and  blends  them  together  so  as  to  produce  the 
best  possible  compromise,  in  a  least-squares  sense,  between  the  total 
available  information.  The  blended  resultant  is  the  field  of  P*  with  an 

•k  k 

associated  resultant-reliability  field  A  .  What  does  the  P  field  show? 

In  the  object  scale  of  analysis  resolution  the  value  of  P*  at  any  grid  point  is 
the  best  estimate  of  the  "true"  representative  value  of  the  object  parameter 
at  that  grid  point  which  is  provided  by  the  total  information  contributing  to 

k 

the  analysis.  A  at  the  same  grid  point  is  a  direct  measure  of  the  reliability 
we  can  place  in  P*  as  an  estimate  of  the  true  value.  If  A*  is  large  the 
error  variance  is  small.  A*  will  be  large  where  there  is  a  considerable 
amount  of  information.  Conversely,  in  regions  where  only  a  small  amount 
of  information  is  available  tire  confidence  or  reliability  we  can  place  on  the 
local  values  of  P*  is  low  and  will  be  reflected  in  a  low  value  of  A*  . 

The  following  Section  shows  how  the  contributing  weighted 
information  fields  may  be  blended  to  produce  P*  and  A*  . 
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3  •  5  ■  2  The  blending  Process  in  1'vvo  Dimensions 

(NOTH:  The  blending  process  given  below  is  for  a  specif. ed  ob;eo; 

A  * 

parameter  P  for  which  the  blended  resultant  P  ,  A  can  be  produced,  us  mu 
lire  eight  weighted  information  fields  defined  in  the  previous  Meet  ion. 
Analyses  of  other  object  parameters  may  utilise  different  sets  of  wenihiod 
information  fields.  Nevertheless,  for  all  obiect  parameters ,  the  unde  tlv  one, 
blending  methodology  is  essentially  similar  in  concept,  .'do  matheinaaos 
which  follows  is  an  extension  of  the  simple  one-dimensional  implicit 
blending  process  given  in  Section  3.3.) 

The  objective  of  the  blending  process  is  always  to  produce  that  : add 
of  an  object  parameter  which  gives  a  best  fit  in  a  least-sguares  sense  to  the 
ensemble  of  weighted  information  fields,  lloll  [1]  has  established  that  this 
best  fit,  consistent  with  the  concept  of  explicitly  combining  independent 
estimates,  is  given  by  the  solution  which,  minimises  an  appropriate  error 
functional  E  .  Por  the  specified  object  parameter  P  (see  note  above)  this 
best  fit  field  is  denoted  by  P*  of  weight  A*  and  the  error  functional  is 
defined  by: 
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(This  expression  for  E  may  be  compared  with  Eq.  (31).  The  essential 
differences  are  that  an  additional  six  weighted  information  fields  have 

been  included,  and  that  the  error  functional  has  been  extended  into  two 
dimensions .) 

The  minimum  value  of  E  occurs  when 

q  E  _  „ 

SP*  ~  0  (46) 

SL  ,m 

simultaneously,  for  every  element  ^  of  the  solution  field .  Equation  (46) 
yields  equation  per  grid  point  thus  producing  a  simultaneous  system 
of  liner  equations.  The  equation  for  the  point  i ,m  is  given  by  Eq.  (47). 
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The  Blending  Equation: 
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In  Cq.  (47),  S,  denotes  the  sum  of  all  weights  appearing  as 

*■  t  i 

coefficients  (preceding  the  dots)  on  the  right-hand  side  of  the  equation. 
Thus : 


6 , 


B, 


B, 


,r.  t-1 


►  Q 


(43) 


The  terms  after  the  dots  show  the  required  solution  P  together  with 
estimates  provided  by  the  weighted  information  fields. 

We  now  come  to  the  problem  of  solving  this  set  of  linear  equations, 
The  system  of  blending  equations  may  be  expressed  in  matrix  notation: 


M  P 

C3 


(49) 


where  Eq.  (47)  represents  an  arbitrary  row  of  Eq.  (49).  The  formal  solution 
is 

P*  =  M_1  F  .  (50) 

If  only  a  small  number  of  grid  points  is  involved  explicit  inversion 
of  the  matrix  is  possible.  However  typical  FIB  analyses  utilize  grids  of 
63x63  grid  points,  89x69  grid  points,  or  125x125  grid  points.  In  the  latter 
case  (used  for  hemispheric  analyses  of  SST)  a  simultaneous  solution  to 
15625  linear  equations  is  required.  Ever,  for  a  63x63  grid  the  number  of 
equations  involved  is  3969.  In  general  the  matrix  is  far  too  large  for  routine 
explicit  inversion  and  solution  by  an  iterative  technique  is  necessary. 

At  one  time  FIB  utilized  only  Successive  Over  Relaxation  (SOR) 
techniques  to  arrive  at  a  solution  for  P*  .  The  most  advanced  schemes 
were  found  to  converge  very  slowly  and,  consequently,  were  expensive  in 
terms  of  computer  resources.  An  additional  drawback  is  that  SOR  requires 
a  first-guess  to  the  final  solution. 
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This  problem  was  overcome  when,  in  1976,  Koll  [6]  reported  the 
development  of  a  technique,  which  he  termed  Blending  by  Weighted  Spreading 
(BWS) ,  for  producing  an  effective  solution  to  the  system  of  blending 
equations  which  converged  far  more  rapidly  than  SOR  schemes  alone.  Of 
particular  note  is  the  fact  that  no  first-guess  to  the  solution  is  involved. 

In  practice  it  has  been  found  that  the  most  effective  technique  for  solving 
the  system  of  blending  equations  is  to  commence  with  BWS  then  transfer  to 
SOR  at  a  late  stage  of  convergence.  This  procedure  is  described  in  the 
following  Section. 


The  resultant  reliability  weight,  ,  which  is  a  measure  of  the 

firmness  of  the  solution  element  ,  is  basic  to  the  FIB  methodology. 

*  1  ' 

the  A  elements  appear,  inverted,  as  the  diagonal  elements  of  the  inverse 
matrix  given  by  Cq.  (50).  A  possible  approach  for  determining  A*  is 


suggested  by  Eqs.  (34)  and  (35).  However  this  requires  repeating  the 


analysis  with  A  .  =  0  to  obtain 

* , rr- 

approach  as  it  would  require  LxM 


P8(*,m)  • 

separate 


Clearly  this  is  not  a  realistic 
FIB  analyses.  In  practice  a 


good  approximation  to  A*  is  sufficient.  The  Blending  by  Weighted  Spreading 


technique  incorporates  a  formulation  which  provides  a  reasonable 

★ 

approximation  to  A  . 


3.5.3  Blending  by  Weighted  Spreading 

Blending  by  Weighted  Spreading  is  a  technique  of  general 
applicability  to  the  blending  component  of  all  applications  of  the  FIB 
methodology.*  In  general  such  applications  lead  to  a  system  of  linear 


Although  Blending  by  Weighted  Spreading  was  conceived  in  the 

context  of  the  FIB  methodology  (Holl  [6])  the  scheme  is  applicable  to  the 

solution  of  any  system  of  linear  equations  for  which  the  matrix  is  not  only 

symmetric  and  positive  definite  but  also  has  some  degree  of  diagonally 

dominant  rows/columns .  In  the  FIB  context  the  diagonal  dominance  occurs 

wherever  A  .  _  >  0  . 

i  ,m 
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1 


equations  defined  by 

i 

M  P  =  F 

ft?  — 

where  P  is  any  object  parameter  and  P*  is  the  resultant  of  the  analysis 
process.  The  coefficient  matrix  M  is  formed  only  of  parameter  weights; 
all  parameter  values  are  grouped  in  the  elements  of  the  forcing  vector  F  . 

The  formal  solution  to  this  system  of  equations  is  I  1 

P*  =  M-1  F 

ft?  — 

m 

As  indicated  in  the  previous  Section,  the  system  of  equations 
normally  is  too  big  to  permit  explicit  matrix  inversion.  Until  the  development  fU 

of  Blending  by  Weighted  Spreading,  the  sole  recourse  to  solution  was  .o 
Successive  Over-Relaxation  (SOR)  techniques.  These  require  a  first-guess 
solution  and  also  converge  at  an  undesirably  slow  rate.  The  Blending  by 
Weighted  Spreading  technique  does  not  require  a  first-guess  solution,  and 
converges  much  more  effectively  in  the  initial  stages. 

The  technique  of  Blending  by  Weighted  Spreading  may  be  demonstrated 
by  application  to  the  object  parameter  P  used  in  previous  Sections. 

The  blending  equation  for  the  arbitrary  grid  point  is  given  by  Eq.  (47). 

For  reasons  which  will  become  apparent  later  in  this  Section,  initially  we 
shall  omit  the  Laplacian  terms— in  effect  Q  =  0  .  Eq.  (47)  then  becomes 
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Equation  (51)  states  that  the  total  weight  due  to  "arrive"  at  the 
arbitrary  grid  point  £,n  during  the  blending  procedure  (performed  by 
successive  approximations)  is  given  by  S£  ^  .  At  any  stage  during  the 
blending  let  (R)  be  the  number  of  successive  apptoximations  made  so  far, 
and  let  a  represent  the  corresponding  portion  of  S,  that  has 

* ,  •  /n\  * , 771 

arrived  by  stage  (R).  Clearly  a)  tends  toward  S,  as  (R)  increases. 

(R)  t,m  i>m 

A  "progress  factor",  $  ,  may  be  defined 

JC  ,  , 

„(R)  _  (R)  /c 

^ Z  m  a jl  rr/Si  n  (52' 


where  £  V  ^  begins  at  zero  and  grows  monotonically  with  each  pass  to 
asymptotically  approach  1. 
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According  to  the  "convention  of  dots"  between  coefficient  weights 
and  estimates,  Eq.  (53)  defines  a  second  equation  for  the  coefficients: 


+1 


Z,m  S 


Z,m  +1 


Z,m- 1  S 


*1-2  ,m  s 


i-2  ,r- 
*Z-2 ,m 


The  process  of  Blending  by  Weighted  Spreading  consists  of  proceeding 
from  grid  point  to  grid  point,  in  any  preferred  ordering,  computing  new 
estimates  of  and  by  explicit  solution  of  Eqs.  (54)  and  (53) 

in  that  order.  Each  pass  at  all  the  grid  points  advances  (R)  by  1. 

The  successive  approximations  are  initiated  by  setting 


No  extraneous  first-guess  field  is  introduced. 

Af  stated  above,  any  ordering  of  grid  points  is  permitted.  The 
preferred  ordering  is  successive  in  Z  ,  increasing  or  decreasing,  within 
a  successive  ordering  of  m  ,  increasing  or  decreasing.  A  complete  set  of 
four  such  passes  consists  of: 
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Pas  s 

1: 

Z 

increasing  , 

•  increasing 

Pass 

2: 

Z 

decreasing  , 

decreasing 

Pass 

3: 

Z 

decreasing  , 

~  increasing 

Pass 

4 ; 

Z 

increasing  , 

•  cccreasing 

i.ne  progress  ractor,  3  *  ,  is  carried  along  with  each  successive 

approximation  for  P,x^  and  is  an  absolute  measure  of  the  proportion  cf  d., 
total  due  influence  that  has  arrived  at  the  £  ,rr.  location.  However  it  is  __ 
a  measure  of  the  firmness  of  the  value  P\A[  .  Further  due  influence  mav 
subsequently  arrive  to  produce  a  pronounced  change  in  the  value. 

Pronounced  changes  are  very  unlikely  co  occur  after  only  a  few  multi¬ 
directional  successive  iterations  have  been  effected.  A  set  of  four  sue., 
passe*  spreads  all  influences  to  all  locations — although  not  immediately  .c 
K*eir  iuii  measure.  Subsequent  changes  will  generally  be  gradual  and  ;...r.or, 
as  3  asymptotically  approaches  unity  everywhere. 

The  Laplacian  element  in  the  error  functional,  Eq.  (45),  gives  rise 
to  five  terms  in  the  blending  equation,  Eq.  (47).  These  five  compound 
estimates  can  be  included  in  the  formulations  of  weighted  spreading, 
inclusion  requires  the  imposition  of  a  suitable  progress  factor  in  the 
coefficient  of  each  estimate. 

The  Laplacian  terms  have  been  omitted  from  the  blending  by  weighted 
spreading  process  for  several  reasons: 

a.  Inclusion  ot  the  five  Laplacian  terms  almost  doubles  the 
computational  work  per  pass. 

b.  lire  Laplacian  terms  contribute  absolute  resolution  at  a  slovi'er 
pace  dran  do  ihe  single— difference  ana  double— difference  terms. 

c.  The  Laplacian  information  can  be  included  in  a  final  supplemental 
blending  in  which  all  progress  factors  are  set  to  unity. 


iCUMk*  »'-w 
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d.  Exclusion  of  the  Laplacian  terras  enables  formulation  and 
use  of  an  effective  approximation  to  the  resultant  reliability 
weignt  field,  A^  n  ,  in  just  one  computational  pass. 

The  final  blending  operation  for  including  Laplacian  information 
(item  c.  above)  resembles  an  SOR  scheme  used  previously  in  certain  FI3 
analyses  such  as  sea-level  pressure.  Its  use  here,  however ,  is  only  for 
adding  "finishing  touches"  to  the  blending  solution  obtained  by  weighted 
spreading;  it  is  an  economical  method  for  adding  the  Laplacian  information. 
No  regional  biases  remain;  none  are  introduced  by  extraneous  first  guesses. 
The  Laplacian  information  is  introduced  gradually.  Each  full  pass  at  the 
array  is  made  in  terms  of  five  subsets  to  produce  an  accelerated  form  of 
simultaneous  displacement.  In  the  case  of  sea-level  pressure,  the  over¬ 
relaxation  factor,  ui ,  is  set  ies s  than  1  in  the  initial  passes,  rising  in 
the  sequence  ^  =  0.3,  0.6,  1.0,  1.2,  and  continuing  at  1.5  with  the  fifth 
pass . 


Basic  to  the  FIB  methodology  is  the  field  of  A  — an  absolute  measure 
of  the  analysis  variance.  The  combined  weight,  S,  ,  of  the  total 

*  im 

information  due  to  arrive  at  grid  point  l  ,n  does  not  represent  information 

which  is  completely  independent.  Only  the  contribution  provided  by  A  , 

is  known  to  be  independent;  the  additional  weight,  S„  -  A, 

-  a  l  ,m  i  ,m 

represents,  at  least  to  some  degree,  a  feedback  of  the  A  .  contribution. 

i  ,m 

It  may  be  concluded  that 


‘  i ,m 


=  A 


a 


SL  m 


(55) 


In  developing  a  simplified  approximation  to  A*  ,  it  is  important  to 
keep  two  considerations  in  mind: 
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a.  The  approximation  should  be  representative  of  the  gathering  o: 
independent  information  tiiat  has  aetually  been  gathered  by  tin- 
weighted  spreading,  in  the  specified  total  of  K  passes,  givitv 
the  solution 


.  A- 

o.  An  ovcrostimation  of  A  is  preterred  for  use  in  the  reova  luation 

of  reports.  Underestimation  can  result  in  rejection  ot  good 

1 

reports . 


The  first  of  these  two  cons ideratior  permits  a  further  narrowing  of 
the  limits  expressed  by  bq .  (55).  According  to  he  second  consideration 
this  narrowing  is  valuable  because  it  lowers  the  upper  bound  on  A*.  ...  : 


A 


(So) 


The  upper  bound  on  A  ^  can  be  brought  down  even  lower  by 
removal  of  the  direct  feedback  of  information  through  the  first-difteronce 
estimates.  This  reduced  upper  bound  provides  a  simple,  adequate 
approximation  to  A*,  .  The  formula  is  given  by  Cq.  (57). 


Kecva  luation  and  rejection  ot  reports  is  described  in  Section  . 


r 


Additional  information  concerning  BWS: 

As  pointed  out  earlier  the  Laplacian  terms  can  be  included  in  the 
Blending-by-Weighted-Spreading  (BWS)  process.  The  formulation  is  not 
difficult.  Inclusion,  however,  makes  every  row/column  of  the  matrix  less 
diagonally  dominant  and  this  slows  the  BWS  process.  We  have  designed 
the  solution  process  to  use  the  features  of  BWS  and  SOR  to  best  advantage: 

A  few  sets  of  successive  alternating-direction  (i.c.  ,  alternating  ordering) 
passes  of  BWS  are  followed  by  a  few  passes  of  SOR.  A  selected  ordering 
and  an  over-relaxation  factor  which  changes  from  pass  to  pass  are  used  in 
the  SOR  stage.  Second-and-higher-order  terms  (e.g.  ,  the  Laplacian)  arc 
omitted  in  the  BWS  stage.  All  terms  are  included  in  the  SOR  stage. 

(^) 

The  effect  of  exaggerating  8  '  in  each  iteration  was  investigated 
in  the  context  of  Ref.  [2]  ,  in  the  application  of  the  FIB  methodology  to  the 
processing  of  satellite  multi-channel  scanning-radiometer  radiances  for 
the  diagnosis  of  clear-column  radiance  components.  The  incremental  growth 
of  8  ,  toward  +1,  can  be  simply  increased,  for  example,  by  replacing 

8  with  1.1/1  ^  5  i  t  each  time  8  is  recalculated.  This  refinement  was 
found  to  increase  the  effectiveness  of  the  BWS  process.  Another  refinement 
which  was  introduced  in  Ref.  [2]  is  the  use  of  passes  in  which  either  the 
BWS  or  the  SOR  algorithm  is  used  at  a  grid-point  location,  depending  on  the 
value  of  8  at  that  location.  Once  8  ^  has  attained  a  prescribed  value, 

8  U  '  is  jumped  to  +1,  and  the  algorithm  of  use  switches  from  BWS  to  SOR 
for  that  grid-point  location  in  all  succeeding  passes.  The  use  of  these  two 
refinements  in  the  present  context,  however,  would  defeat  the  useful, 
expedient  approximation  for  A*  that  is  afforded  by  Eq.  (57).  The 
"reevaluation”  component,  discussed  in  Section  4.8,  depends  on  a  good 

•ff 

approximation  of  A  at  every  grid-point  location. 
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A  general  method  can  be  made  available  tor  measuring  the  resolution 
weight  corresponding  to  each  element  of  each  parameter  in  the  blenoed 


resultant.  That  is,  not  only  A  but  also  B*  ,  C 


Q  can  be  estimated 


at  each  grid-point  location.  We  remind  the  reader  that  the  starred 
weights  are  not  measures  of  independent  worth;  they  are  measures  of  the 
robustness  of  the  blended  solution  for  each  corresponding  element.  We 
have  termed  this  general  method  the  "Stiffness  Method". 

The  Stiffness  Method  is  quite  simple  to  describe.  Suppose  for 

example  that  wo  wish  to  estimate  B*  corresponding  to  the  resultant 

i , 

single-difference  element  b.  .In  theory  the  method  involves  calculaun 

* ,  • 

a  complete  new  solution  subject  only  to  a  finite  change,  5b.  ,  in  tire 

X  t 

forcing  value,  b,  ,  of  that  element.  The  corresponding  weight ,  B.  , 
.a  not  changed.  Let  the  change  in  the  new  solution  for  the  element  bo 
expressed  by  S'tm  . 


In  accordance  with  the  TIB  methodology,  B, 


is  given  by 


6b. 


6bl 


Note  the  s  Harity  in  form  with  Eq.  (35). 

It  would  seem  that  the  Stiffness  Method  should  only  be  applied  to  a 
very  accurate  solution  of  the  blended  system  of  equations.  However  this 
requirement  can  easily  be  circumvented.  The  robustness  of  the  solution 
depends  only  on  the  input  weights  of  all  contributions  of  assembled 
information.  The  robustness  is  independent  of  all  forcing  values.  An 
exact  blended  solution  as  the  basis  for  application  of  the  Stiffness  Method 
is  therefore  always  at  hand:  By  setting  all  forcing  valuos  equal  to  zero, 
the  blended  solution  is  qiven  exactly  by  a  zero  field.  As  a  further 

simplification,  the  finite  change  imposed  on  an  element,  sav  on  b.  =  0  , 

i ,  t 

is  chosen  to  make  6b^  m  m  =  1  .  [If  the  value  of  B^,  ^  happens  to  bo 


zero  then  it  is  simply  changed  to  a  finite  value,  e.g.(  one.  This  value 
must  then  be  subtracted  from  the  value  of  B*  that  results.]  In  practice 

X  #  , 

the  zero  solution  is  revised  as  a  result  of  the  element  change  only  in  the 
ambience  of  the  element.  The  extent  of  this  ambient  region  depends  on 
the  desired  degree  of  accuracy  and  on  the  ambient  density  of  information  in 
parameter  assemblies. 

The  Stiffness  Method  is  not  utilized  in  routine  applications  because 
it  is  very  expensive  in  terms  of  computations.  It  is  to  be  reserved  for 
special  applications  in  which  resultant  weights  are  especially  relevant — 
such  as  in  evaluations  of  measurements  obtained  from  satellite  sensor 
sys  terns . 

3.5.4  Boundary  Treatment 

Figure  6  shows  the  area  module  associated  with  an  arbitrary  grid 
point  A  of  a  two-dimensional  orthogonal  array  of  size  LxM  grid  points. 
Figure  9  shows  the  symbols  and  suoscripts  for  the  eight  information-elements 
referred  to  the  1  ,n  grid  point.  The  shape  parameters  are  defined  by  Eqs. 
(38)  to  (44).  The  boundary  of  the  L,M  grid  may  be  accommodated  in  a  very 
simple  manner — at  any  arbitrary  grid  point  the  weight  of  any  information- 
element  which  extends  outside  the  grid,  or  which  is  undefined,  is  set  to 
zero. 

However  internal  boundaries  may  also  exist  within  the  analysis 
region.  For  example  in  the  analysis  of  oceanographic  parameters  such  as 
SST,  internal  boundaries  are  provided  by  coastlines.  The  representation 
and  effects  on  the  analysis  of  internal  boundaries  is  discussed  in  the 
following  Section. 


3 . 6  Spatial  Covariance  dissociation 

In  the  context  of  environmental  analyses  which  utilize  a  grid, 
spatial  covariance  may  be  used  to  express  how  strongly  a  change  in  the 
object-parameter  value  at  one  grid  point  affects  the  value  at  another  grid 
point . 

A  FIB  analysis  uses  estimates  of  the  object  parameter  together  with 
first-difference  estimates  to  propagate  the  effect  of  an  observation  in  all 
directions ,  the  strength  of  the  propagation  depending  on  the  weights 
associated  with  the  first-difference  estimates.  It  can  be  seen  that  these 
weights,  in  effect,  control  the  spatial  covariance  between  corresponding 
grid  points  (see  Fig.  9).  In  analyses  of  oceanographic  and  marine 
parameters  it  is  realistic  to  restrict  the  propagation  of  information  across 
land  barriers.  This  is  particularly  important  in  the  case  of  peninsulas  and 
isthmi  which  separate  different  water  masses.  For  example,  in  the  vicinity 
of  Panama,  the  Atlantic  SST  analysis  should  not  propagate  information  into 
the  Pacific  and  vice  versa;  the  water  masses  are  independent  and  so 
therefore  should  be  the  parameters  which  are  measures  of  their  physical 
state. 

In  essence  the  propagation  of  information  across  land/sea 
interfaces  may  be  prevented  by  setting  gradient  weights  equal  to  zero  where 
the  geographical  dispositions  of  the  finite-difference  expressions  for  the 
gradient  magnitudes  at  any  grid  point  involve  a  iand/sea  boundary.  This 
process  is  termed  Spatial  Covariance  Dissocation  (SCO). 

Consider  an  analysis  region  covered  by  an  analysis  grid  of  size 
LxM.  Using  a  high-resolution  land/sea  table  an  "SCD  field"  may  bo 
constructed  which  shows,  for  any  arbitrary  grid  point  ,  whether  or  not 
there  is  significant  land  interruption  between  &  and  £,^+1  and/or 
between  /  ,m  and  l+l  ,m  (see  Fig.  9).  The  SCD  parameter  at  each  grid 
point  consists  of  two  bits.  The  first  bit  indicates  land  (1)  or  no  land  (0) 


between  l and  1,^1  i  1  ;  the  second  bit  indicates  land  (1)  or  no  land  (0) 
between  l and  l  +  l,m  .  Figure  10a  shows  part  of  an  analysis  grid  within 
which  is  located  an  island  (shown  by  shading).  Figure  10b  shows  an 
associated  SCD  field.  The  solid  lines  in  Fig.  10b  show  the  closed 
(dissociated)  connections  caused  by  the  island.  Figure  10c  shows  the  same 
island  located  within  an  analysis  grid  whose  grid-point  spacing  is  half  that 
shown  in  Fig.  10a.  Figure  lOd  shows  an  SCD  field  associated  with 
Fig.  10c . 

The  method  for  arriving  at  an  SCD  field  described  above  is  a  basic 
method  only — in  practice  the  method  is  more  sophisticated.  The  land/sea 
information  is  used  to  derive  a  matrix  consisting  of  ten  rows  of  ten  bits  for 
each  module  of  the  analysis  grid.  Each  bit  is  set  to  1  (land)  or  0  (water). 
The  bits  then  are  examined  to  determine  the  SCD  parameter  appropriate  to 
any  area  module.  The  objective  rules  used  to  classify  modules  are  as 
follows : 

1 .  FOUR-WAY  DISSOCIATION 

If  a  modular  area  centered  on  a  grid  point  is  entirely  land  then  the 
grid  point  is  dissociated  (closed)  in  all  four  links: 
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Figure  10  (a)  and  (c)  show  the  same  island  located  within  two  analysis 

grids,  one  having  half  the  grid  spacing  of  the  other,  (b)  and 
(d)  show  the  SCD  fields  for  (a)  and  (c)  respectively.  Solid 
lines  show  the  connections  which,  due  to  the  island,  are 
closed  to  the  flow  of  information.  The  flow  is  limited  to  the 
open  links  around  the  island. 
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2.  OPEN 


If  a  modular  area  centered  midway  between  two  grid  points  has  any 
of  the  S  center  lines  (i.e. ,  rows  or  columns  of  bits)  open,  the  connection 
between  the  two  points  should  be  associated  (open): 


Vertical  Case 


Horizontal  Cas 


LiiiiLi 


Based  on  this  rule,  the  center  grid  point  of  Fig.  10a  should  have 
two  links  closed  and  two  open — the  upward  link  and  the  link  to  the  right 


3.  CLOSED 


a.  If  a  modular  area  centered  midway  between  two  grid  points  has 
the  5  center  lines  all  closed,  then  the  two  center  points  should 
be  dissociated: 


Vertical  Case 


Horizontal  Case 


b.  If  any  interior  line  is  completely  closed  and  both  module  poi: 
are  sea  then  center  points  should  be  dissociated: 


Horizontal  Case 


water  at  both 
grid  points 


all  land 
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4.  UNRESOLVED 


All  grid-point  connections  not  resolved  by  rules  1-3  are  unresolved. 


Using  these  objective  rules  and  subjective  decisions  where  appropriate, 
the  SCD  field  corresponding  to  Fig.  10c  may  be  as  follows: 
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The  solid  lines  connect  grid  points  which  are  dissociated . 

The  generation  of  SCD  fields  is  a  semi-automated  procedure  forming 
part  of  the  overall  capabilities  of  appropriate  analysis  systems  based  on  the 
FIB  methodology.  Based  on  the  rules  given  above  the  program  (OBJSCD) 
automatically  classifies  grid-point  connections  as  closed,  open  or 
unresolved.  Output  consists  of  the  objective  SCD  field  and  visual 
information  in  plot  and  print  form.  Using  this  information  SUBSCD  is  called 
to  update  the  SCD  field  for  subjective  decisions.  The  User  may  specify 
unresolved  connections  as  open  or  closed  and,  in  addition,  may  modify  any 
of  the  objectively-determined  connections.  A  capability  also  exists  for 
specifying  all  unresolved  connections  as  either  open  or  closed. 
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It  will  have  been  noted  that  the  SCD  parameter  only  directly 
specifies  whether  or  not  the  first-difference  gradient  weights  B  and  C 
shown  in  Fig.  9  should  be  set  to  zero.  Simple  rules  are  applied  to  local 
SCD  parameter  values  to  determine  whether  or  not  the  remaining 
information-spreading  weights  should  be  set  to  zero. 

In  some  applications  it  is  desirable  to  reduce  spreading  weights 
rather  than  to  set  them  to  zero — information  flow  is  restricted  rather  than 
stopped.  For  example,  in  the  case  of  sea-level  pressure  analyses,  the 
effects  of  terrain  may  be  realistically  represented  in  the  analysis  by 
restricting  the  flow  of  information  between  valleys  separated  by  mountain 
ranges . 

With  regard  to  oceanographic  parameters  where  SCD  is  utilized  to 
prevent  information  flow  if  the  ocean  continuum  is  interrupted  by  land,  a 
"depth  dependent"  SCD  field  should  be  used.  For  example  where  two 
deep  ocean  basins  are  separated  by  a  ridge,  the  flow  of  information  from 
one  basin  to  another  can  be  prevented.  Near  the  top  of  the  ridge  information 
flow  could  be  restricted  rather  than  prevented,  thus  taking  account  of 
spillover  from  one  basir.  .o  the  other.  * 

The  analysis  algorithm  recognizes  the  presence  of  land  in  terms  of 
the  SCD  parameter — if  two  neighboring  grid  points  are  dissociated  then  land 
iies  between  them;  no  information  is  directly  passed  between  two  such  grid 
points.  The  analysis  of  oceanographic  parameters  is  invalid  within  such 
discontinuity  regions. 


As  yet,  depth  dependent  SCD  fields  (based  on  depth-variable 
land  sea  tables)  are  not  used  by  the  Expanded  Ocean  Thermal-Structure 
analysis  system.  It  is  hoped  to  incorporate  this  capability  in  the  near 
future . 
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For  any  analysis,  the  number  and  extent  of  invalid  regions  depends 
on  the  resolution  afforded  by  the  analysis  grid  and  by  appropriate  objective 
and  subjective  SCD  decisions.  Figure  11  shows  the  invalid  regions  for  the 
northern  hemisphere  on  a  63x63  analysis  grid,  polar  stereographic  projection, 
using  a  specified  SCD  field.  (The  analysis  grid,  with  the  land  outlined,  is 
shown  in  Fig.  12  on  page  93.) 
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A  SYSTEM  FOR  THE  ANALYSIS  OF  SEA-SURFACE  TEMPERATURE 
DISTRIBUTIONS 


! 


4 . 1  Introduction 

Section  2  discussed,  in  a  largely  qualitative  manner,  some  of  the 
considerations  to  be  taken  into  account  by  an  effective  analysis  system. 
The  Section  had  two  primary  objectives--to  introduce  certain  FIB  concepts 
and  associated  terminology  in  an  appropriate  context,  and  to  introduce 
some  of  the  problems  of  analyzing  distributions  of  environmental  parameters 
which  can  be  solved  by  the  objective  FIB  analysis  methodology  but  which 
are  largely  ignored  by  subjective  analysis  methods  (and  some  objective 
methods)  either  because  the  problems  are  too  intractable  or  due  to  a  lack 
of  awareness  on  the  part  of  the  analyst. 

Section  3  provided,  in  a  largely  quantitative  manner,  other  FIB 
concepts  and  associated  formulations.  In  a  sense  FIB  is  based  on  one 
fundamental  premise — that  no  piece  of  information  is  complete  without  an 
associated  reliability.  This  premise,  coupled  with  an  appreciation  of  the 
characteristics  of  observed  data  and  an  appreciation  of  the  purpose  of  an 
analysis  and  its  resultant,  permits  the  derivation  of  all  formulations  given 
in  Section  3. 


Sections  2  and  3  do  not  in  themselves  provide  sufficient  information 
to  show  how  FIB  analyses  of  a  particular  object  parameter  may  be  produced. 
In  addition,  many  other  FIB  concepts  and  formulations  remain  to  be 
introduced.  The  most  convenient  way  to  satisfy  both  of  these  objectives 
is  in  the  context  of  the  FIB  analysis  system  for  a  particular  environmental 
parameter. 

When  designing  a  system  for  the  analysis  of  an  object  parameter 
the  particular  characteristics  of  that  parameter  must  be  taken  into 
consideration.  For  example,  even  though  based  on  the  same  underlying 
information-processing  concepts ,  a  system  for  producing  analyses  of 
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sea-level  pressure  is  not  converted  to  a  system  for  the  analysis  of 
significant  wave-height  distributions  merely  by  substituting  one  data  set 
for  another.  A  FIB  analysis  system  therefore  must  be  described  in  terms 
of  a  particular  object  parameter.  Sea-surface  temperature  is  an  appropriate 
choice — a  FIB  system  for  producing  sea-surface  temperature  analyses  is 
relatively  uncomplicated  and,  in  addition,  SST  is  one  of  the  parameters 
analyzed  by  the  Expanded  Ocean  Thermal-Structure  (EOTS)  analysis  system. 
This  Section  therefore  describes  an  SST  analysis  system,  which,  in  later 
Sections,  is  extended  to  encompass  all  parameters  analyzed  by  EGTS. 
However,  although  specifically  oriented  toward  SST  analyses,  some 
information  also  is  provided  indicating  how  the  concepts  presented  can 

be  modified  for  application  to  the  analysis  of  other  environmental  parameter 

,•  1 

distnoutions . 

A  FIB  analysis  of  SST  consists  of  the  following  sequence  of 
operations: 

1.  Preparation  of  the  Parameter  Initialization  Fields. 

2.  Assembly  of  new  information. 

3.  Blending  for  sea-surface  temperature. 

4.  Computing  the  reliability  field  for  blended  SST. 

5.  Reevaluation  and  rejection. 

6.  Recycling. 

Each  step  in  this  sequence  is  described  below  following  a  preliminary 
discussion  of  the  object  scale  of  resolution  and  available  sources  of 
information  for  analysis. 


For  example,  the  FIB  analysis  system  developed  for  horizontal-wind 
field  analysis  differs  considerably.  There  are  two  wind  components  per 
module,  and  the  spreading  parameters  include  divergence  and  vorticity,  key 
elements  in  dynamic  compounding  (see  caption  Fig.  3). 
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figure  12 


A  i<3xo3  Northern  !  ;omisphor< 
The  north  polo  is  at  31.31. 

O 
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grid  point. 


v  polar  storeouraphie  .  .i  id  . 

raid  spacing  38  1  km  (20o  ; 
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axis  (thus  also  enhancing  continuity  In  tlm<  ,  and  climai  logy.  , . 
sources  cun  ail  contribute  information  to  an  analysis  o;'  an  object  paru.m  to;  . 

for  any  particular  object  parameter,  not  all  possible  source;’  o; 
information  (even  if  available)  are  necessarily  appropriate.  In  the  case  e. 
sea- level  pressure  tor  example,  even  though  climatologies  are  available 
the  naturally-occurring  variabilities  in  space  and  time  are  such  that 
climatology  can  make  no  signiticant  information  contribution  m  the  coni  i  x; 

O 

of  normal  (e.g.,  six-hourly)  synoptic  analyses . “ 

It  is  not  only  estimates  of  the  object  parameter  itself  which  can 
provide  significant  information;  the  information  contributing  to  an  analysu 
may  be  in  other  forms  including  "shape"  parameters  such  iis  arudients,' 
i  urwinirG,  circulation,  diveigonco,  hapisoiuii  unu  otners.  As  ex’;  lained 
in  Section  3,  this  information  may  be  assimilated  (i.e. ,  blended)  into  an 
analysis  of  the  object  parameter  in  finite-difference  form. 

Sources  of  information  for  an  analysis  may  be  grouped  in  terms  c. 
the  age  of  observations  contributing  to  each  source.  In  the  case  of  SST 
analyses  these  sources  are: 

a.  "Current"  information  provided  by  synoptic  or  near-synoptic 
observations .  "In-situ"  observations  are  provided  by  ships 
and  instrumented  buoys.  The  large  majority  of  in-situ 
observations  are  made  as  part  of  a  ship's  routine  weather 
report--usually  every  o  hours.  A  lesser  number  of  observations 


See  Tig.  3  and  associated  discussion. 

"fhe  contribution  of  climatology,  or  any  other  applications  o; 
statistics,  would  tend  to  reduce  (l.e.,  smooth)  features  in  the  object 
range  of  scale. 

'  For  example,  by  way  of  an  appropriate  diagnostic  relationship, 
surface  wind  observations  can  provide  estimates  of  pressure  gradient  which 
can  contribute  information  to  the  analysis  of  sea-level  pressure. 
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are  provider  :>y  the  surface  umi.:;  ,  :  X  and  by  msrr 

buoys .  e  urrent  lnf<  . ..  als<  Is  svdilsbh  from  . >  ....  .•  - 

sensed  satellite  data. 


o •  !m\  OHi" pd sk  im\  ;  ,..,ue'n  P**  viv.iv  .  *-^y  o i > » •  v  i  \\i  i  i 

(including  both  in-situ  and  remotely-sensed  datu 
been  assimilated  into  previous  analyses  in  the 


ins  of  SS  F 
)  which  !  i\  i 
synoptic 


soquonc  o . 


V.  . 


distant— past  information  prov* iviv\i 
been  used  in  the  compilation  of  SST 


by  observations  wit 
e  1  r . ...it o loc.y  t  n  hi  s  . 


lave 


Current  SST  data  may  be  referred 
it  synoptic  data  collections  are  available 
06Z,  12Z  and  13Z)  we  could  produce,  say 
utilizing  only  the  synoptic  00Z  observe’,  w 


to  as  "synoptic"  or  "near-syr.v  pik 
'  at  i  -hour.y'  intervals  ^usually  i  d. 
' ,  did  analyses  every  ZA  hours  by 
ns .  However,  in  order  t . 


data  density  and  hence  the  information  content  of  the  analysis,  we  c.  ..X. 
use  00Z  synoptic  data  plus  all  observations  made  during  the  previous  .  -i 


hours  which  were  not  utilized  in  the  previous  analysis,  rhese  a . .  nal 

observations  may  be  termed  "near-synoptic" .  In  fact  the  near-synoptic 
Period  could  be  greater  than  2-1  hours.  For  example  if  it  is  accepted  that 
an  5S .  observation  still  has  relevance  even  rr  made,  sav,  30  hours 
previously  then  it  could  be  used  to  contribute  information  to  an  analys.s 
as  long  as  it  nas  not  been  used  in  any  previous  analysis;  no  observation 
should  be  directly  assimilated  more  than  once  in  a  well-designed  anaivsis 


4  .  A  Parameter  I  nit  tali. -.at  ion  Fields  (PH’Si 

PIPS  are  an  essential  component  of  all  Pin  analysis  systems,  daeh 
analysis  system  requires  a  set  of  PI  I'd ,  one  or  which  is  the  ob  ject-parameU 
PIP.  This  is  defined  as  the  best  estimate  of  what  the  forthcoming  analysis 
will  be  before  any  information  contribution  from  current  observations  is 
considered.  In  effect,  for  an  object  parameter  P  ,  the  object-parameter  PIP 
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denoted  by  P  ,  is  a  forecast  of  the  r«  sultant  field,  i‘T  ,  for  analysis  time 
r  •  ?*  is  (usually)  derived  by  an  appropriate  method  tor  carrying  informatior 

in  the  P*  field  along  the  time  axis  to  time  t  .  (A  PIP  should  not  be 

^  “  1 

regarded  as  a  first-guess  field.  In  FIB  the  process  of  carrying  information 
along  the  time  axis  is  a  carefully  controlled  and  formulated  procedure;  no 
"guess"  is  required.) 


Methods  for  producing  a  PIF  of  the  object  parameter  depend  on  the 
object  parameter  itself,  and  other  considerations  such  as  the  availability 
of  suitable  forecast  methods  (including  models).  For  sea-level  pressure 
for  example,  a  PIF  for  time  t  may  be  derived  from  the  t-1  analysis  by 
k; nematic  extrapolation  using  an  appropriate  steering  field  based  on  large- 
scale  features  of  the  circulation.  Alternatively  a  numerical  forecast  model 
could  be  used.  In  fact  the  best  estimate  field  may  be  produced  by  combining 
any  number  of  other  estimates,  each  weighted  according  to  its  assessed 
degree  of  reliability.  The  weighting  need  not  be  a  constant  over  the  whole 
of  the  contributing  field.  For  example  suppose  the  object-parameter  PIF 
for  sea-level  pressure  is  to  be  produced  by  a  weighted  combination  of 
kinematic  extrapolation  and  the  forecast  produced  by  a  PE  model.  If  it  is 
known  that  the  PE  forecast  verifies  better  in  high  latituces  than  in  tropical 
regions ,  then  the  weighting  (which  controls  the  relative  contribution  of 
information)  may  be  made  a  function  of  latitude. 


In  general,  an  analysis  system  which  is  designed  for  continuous- 
in-time  resolution  of  a  geophysical  system  of  variability  must  be  coupled 
with  an  appropriate  prediction  model  for  carrying  the  analyzed  information 
from  one  synoptic  analysis  along  the  time  axis  for  assimilation  into  the 
next  analysis.  An  appropriate  prediction  model  also  is  required  for 
projecting  the  evolution  of  the  geophysical  system  as  an  environmental 
forecast-service  for  use  in  other  applications;  such  an  initial-value  time- 
integrated  prediction  usually  extends  over  several  analysis  cycles  into 
the  future.  The  same  model  is  not  necessarily  the  most  suitable  for  both 
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purposes;  demands  differ .  In  the  analysis  context  th<  emj  .. 
it.axim.zinu  t . .  e  .a.  or. nut  ion  y.f ...  1 1  *  .  e . .  * .  -  >  v  ,  ;  .  ‘  ^  .  a  na  i  y  •  ■ .  i  ■  ^  .u  .ur. 1 .  <  > . 
f  .  the  relatively  short  period  tw<  en  analyses  .  In  the  forecast-service 
context  emphasis  is  on  the  prediction  o:  operationally  significant 
variabilities  with  maximum  skill  over  the  whole  of  tlie  extendea  ranee. 

Now  consider  an  appropriate  method  tv  r  producing  a  PIF  where  the 

object  parameter  is  sea-surface  temperature  .  .  i'he  previous  analys.s  at 

.  t-1  provided  the  resultant  field  •!_,  of  weight  A*,  .  .  Let  th( 

object-paramcier  PIT  be  denoted  by  T  ,  A  .  and  the  resultant  o;  the  ~ 

0  0 

analysis  oy  i„  ,  a^.  • 

In  the  object  scale  of  resolution  specified  in  Section  4.2, 

representative  values  of  sea-surfaco  tempera rure  will  not  yusuallyl  s'.'.v  w 

u  marked  change  in  a  24-houi  period  (th<  ana  lys  Is  interval)  .  Si  ni  .  -ant 

features  present  in  one  analysis  will  be  apparent  in  e  next  analysis, 

albeit  slightly  modified  with  recar d  to  absolute  value  and  shape.  A, us  r'.u 

information  content  of  the  T-l  analysis  still  has  considerable  relevance 

at  time  ~  .  Tor  this  parameter,  persistence  is  apparently  a  simple  bur 

effective  method  for  carrying  information  alone  the  time  axis  from  one 

analysis  to  the  next.  This  can  be  achieved  by  setting  T,  T_  .  .  lit  rs 

0  <  -  i 

important  to  realize,  however,  that  we  may  control  the  reliability  of  1'* 

.it  , 

as  an  estimate  ot  T_  oy  appropriate  specit teat  ion  ot  A  ,  .  Tnis  is 

i  u 

discussed  below.) 


Although  persistence  -  T_  ^  )  could  be  used  to  provide  the 
object-parameter  PIF,  as  an  estimate  of  T  may  be  enhanced  by  an 

U  T 

adjustment  toward  the  predicted  climatological  value: 


(‘  -  ()  (A-l  -  Tc.t-i)  '■  Tc.r 


where  the  subscript  c  refers  to  the  climatological  value  and  e 


.  ino 
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titjUro  snows  the  oiicct  o i  il4is  iv. 


,  ..." 
i’-'HVi 


•i  t 


figure  13  i'c  shows  SST  climatology  as  a  function  of  time  at  a  partieu!-.: 

location  (i.o.,  a  particular  grid -point  of  the  two-dimons  n>nal 

at ra\  shown  in  i  ig  •  10).  i  — is  .no  analysed  value  ot  t>S.  j i 


iii  ifl;  » 1 1.  w  1 1  in  i  i cj  •  1  u /  •  i  7" «  ’  i s  »-iio  ci ii q a y II c ci  Vo 
the  same  location  for  time  T-i  .  Tr-1  -  T  .  ~_i  : 


me  same  uvauuii  iur  ume  i- 1  .  ir-t  -  i  ’  represents  eie 
local  analysis  anomaly  from  climatology.  This  anom.aly  is  redncev 
ny  the  factor  (1-c).  Addins  1  \-(r  to  the  ad  usted  anomaly 
pro\  ides  1q  .  inis  is  done  tor  eacn  gt  id  point.  Values  ot  ,  .  toi 
a  particular  analysis  time  may  be  interpolated  from  monthly-mean 
values . 


Suppose  an  anomalous  feature — say  a  colu  gyre--is  established 

by  observed  data  in  the  f-l  analysis.  If,  in  th<  i  >llowin  analyse!  ,  no 

. ,  ,  ,  ,  ...  - 

observations  are  available  in  tne  vicinity  oi  tne  gyre,  tnen  setting  .  i„  . 

■  - 1 

would  cause  this  feature  to  persist  until  such  time  as  its  existence  were 
denied  by  observed  values  of  SST.  This  is  not  reasonaDle — anomalous 

feature!  lecay  with  time.  Us . q .  1  w . .  h  va lue  of  e  wil  1  cau! 

a  rapid  return  to  climatologically  normal  conditions;  a  lev/  value  of  t  will 
....  w  the  an  >maly  to  decay  over  a  longer  pi  ric  .  of  time.  (Convi  rsely.  If 
the  gyre  were  climatologically  normal  then  it  would  persist  until  its 
existence  were  denied  by  observed  data.  If  no  more  data  then  were 
forthcoming  the  gyre  would  gradually  be  reestablished  in  following  analyses 
at  a  rate  determined  by  f  .) 

Having  established  the  object-parameter  PIT — in  this  case  the  V? 

u 

field — the  Inherent  information  is  then  portioned  in  terms  of  component 
information  fields  to  produce  a  s e .  of  Parameter  Initialization  Fields,  each 
with  us  own  associated  weight  field.  Seven  PIFS  are  derived  from  the 
object-parameter  PIF,  T*  ,  using  bqs.  (59)  through  (65). 


D, 

— 

Ll,n+i 

:z,~. 

(59) 

CX  tm 

= 

(60) 

d2 

= 

LUl  ,m  + 1 

-  T 

‘Z.rr. 

(61) 

eJL  m 

= 

Tx.  m 

(62) 

r 

= 

TX  ,n  +2 

-  T. „ 

(63) 

ql  «i 

**  i  * 

= 

Tl+2,m 

“  1  A 

&  ,rr> 

(64) 

= 

T£,m+ 1 

+  T  +T  +T  -4T 

+  l,m  -1  i-l.rr.  Hi£,rr. 

(65) 
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■  .  . .  .  , 

aroiirary  griJ  p  *i.t  l ,  "  has  been  used  ror  :iio  value  provided  by  the 

u 

,,  ,  ,  .  _  M,  ^  ,  * 

» i o * ci  di  w »i a t  ^ ( i  i o  p  u j 1 1 "**t3  •  •  /  i  «  ^  lb  ij  * \  c i •  uy  .  «  ^  • 

X  ;  "1  L,  X 

I;  will  do  noted  that  the  above  sever.  .  ITS  nave  been  derived  i:\  ...  .. 
single  hi*  of  mo  o.iject  parameter/  m  .none  c.rcti.^. stances  me  cmr.pie.e  set 

f  eight  PIF*  will  be  i . ually  c  . tent.  .....  ■  . ency . neces;  iry 

individual  ...  ...:.  be  derived  t  ro  m  d  i  f i  er  ©  nt  s  ou  r oe  s  .  . . 

In  several  previous  Sect . .  in  particular  Sections  3.5.1  and  3.5.2, 

* .  .o  *  id  oienu*r.  ;  process  vvas  coscribec  ana  uiuicu  m  terms  02  t.  .  . . 2 


v.  en,..weo  a n » '  » * . . ■  i  t 1  c « *  »ie 


.  1  ;  . 


liscussi  n  oi  cm  urce  ol  thes< . 


fields  was  j  stj  >ned.  rhus  in  the  i  ri . s:.  n  for  ..  (Eq.  (45)  and  th 

.  nding  equation  (Eq.  (47))  it  was  assumed  that  values  f  i  these  ; . . ers 

■ .  .  -  ivailable.  rh©  eight  w<  i  hted  ini  rmation  fields  are  compris* . 

field  for  the  magnitude  of  me  object  parameter  and  seven  fields  fo:  tiro  m  .; 

. .  ....  see  .  ...  ■  and  . . . ■  s  related  disc  us  s  ion. .  . .  ■.  •  . ; . .  .  ~  1  ~  •. .  .  . . 

me.;  m  mo  blendme  iv::.rm  are  proem  d,  a:  leas:  m  par;,  by  m  1  IPS 
denned  in  .  (5b)  through  (i>5l . 

In  si:..; do  terms  we  now  can  envisage  a  FIB  analysis  of  object 
parameter  P  as  the  following  procedure: 

•k 

a.  Produce  an  object  parameter  PIP,  P,  ,  which  is  a  best  estimate 

u 

of  P*  before  considering  current  information. 

b.  Partition  P*  into  eight  PITS,  one  of  which  is  P*  itself  and  the 
other  seven  are  estimates  of  shape.  Each  PIP  has  an  associated 
weight  field,  discussed  below. 

c.  Modify  the  P^  ,  A.  field  by  assembling  new  information  (i.e., 
current  observations)  into  this  field.  *  This  results  in  a  new 
field  which  we  may  denote  by  P  ,  A  . 


*As  will  be  seen  in  Section  4.5.1  a  somewhat  different  procedure  is 
used  to  assemble  information  for  the  analysis  of  oceanographic  parameters. 


-100- 


d.  len  eight  fields— sev . .  • 

pdrurnctcr  PI  I  using  i3lcr*ciing  uy  V/c.'igi*ceci  opt 

{•Section  3.5.3).  This  prodv  P  ,  A  fii  ...  .  i  lm<  t  . 

( • .  any  thi  ini  .  vidi  1  I  >  ■  ■  11  •  •  -  .... 

ic  X 

10  Ti  l  ,  and  repeat  the  whole  procedure  to  provide  ?  ,  A 
for  time  t  ri  . 

(Tit is  simple  procedure  for  producing  an  analysis  oi  object  parameter 

p  has  mitted  many  imp  rt< . tages  in  th  FIB  . ys  ■  ■  pi  cess .  low  .  i 

it  serves  to  provide  an  easily-comprehended  framework  whic.n  may  be 

expanded  int  am  re  effectiv<  pi  c<  lure .  In  pai  . i  1 . .  . . 

source  and  function  of  PIFS  in  the  FIB  a . ysis  meth  .  1  gy.) 

Before  returning  to  developing  an  analysis  system  for  SSi,  two 
general  points  with  regard  to  PIFS  should  be  appreciated: 

a .  Ihe  seven  shape  PIFS  are  not  n  tessarily  based  entirely  c  n  the 

.  "  fi«  Id.  As  pointed  out  ...  v  ,  indb.  id  lal  I  IPS  may  b< . 

from  difference  sources  of  information.  In  these  circumstances 
two  (or  more)  PIFS  may  be  ava.labio  tor  particular  snape 
parameters,  one  derived  from  the  P.  Held  and  the  otner  irom 
some  independent  source  or  sources.  These  PITS  could  b< 
combined  using  the  standard  FIB  rules  for  adding  information 
(see  Section  3.2.3).  In  addition  current  information  may  be 
assembled  into  appropriate  PIFS  other  than  the  object  parameter 
PIF.  For  example,  in  the  case  of  a  sca-level  pressure  analysis, 
current  wind  observations  may  be  diagnosed  in  terms  of  pressure 
gradient  and  assembled  into  the  shape  PIFS.  In  the  case  of  SST 
analyses,  satellite-derived  data  could  be  expressed  either  in 
terms  of  absolute  values  of  SST  for  assembly  into  the  object 
parameter  PIF,  or  in  terms  of  gradient  for  assembly  into  the 
shape  PIFS. 


•  •  ■  •' .  trated  by  th  i .  . .  ......  . . .  .  , 

'■■■■■  . .  •  ...  47) ,  hi  shape  i . 

ci  >  more  contribute  an  estimate  of  the  shape  of 

. J na lysis  .  rhey  c  . th  j:  . 

•  :  :  •  V  curn .  rv it . t . ea . .  y  ...  . 

1 .  para:  ...  ....  preaciing 

is  controlled  by  the  weight  fields  associated  with  the  sever. 

•  • 1  ;  —  parameters .  CTo  . it  rate  tl ie  simpl<  . .  . . 

example  ive . i  c ti  n  3.2 . ly  1  re— run  wi ...  re  uci 

weights  for  b  and  b 

r  ~  r  l 

Returning  to  SSI  analyses  we  have  seen  how  to  compute  IdFS  fc.  :.;o 

:  ••  :  .  v  ......  .......  . eters.  : .  wev  .  he  ..  dated 

.  ■  ■  ive  ••  -  1  ••  d;  . :h  w . . . . . 

■  •  . n  :  ;  :  ces  .  Wt  .  ...  : . ,  s _  aran:j  _ 

■  1  - — -db.  by  the  ser  t  pt  vide  any  ip  r  priate  3e  re<  f  .  .  . 

. ■  '  cificati  ,  usually  ...  t<  rms  • . form  we  ight  field  1  .  i  ■. 

spreading  parameter,  must  be  consistent  w . «  bject  scale-  of  :  .  c  lution. 

Sp.eaatng  weights  determine  the  amount  o:  information  contributed  to  an 
analysis  by  the  shape  parameters  and  consequently,  particularly  ir.  date- 
sparse  areas ,  determine  to  what  extent  is<  .....  i  bserva  i  ns  are  fitted. 

\Il  s.iOu.d  be  borne  in  mind  that  an  analysis  should  provide  the  best 
estimate  of  local  representative  temperature  available  from  aU.  sources  of 
information.  This  best  estimate  is  not  (necessarily)  that  provided  by  a 
limited  number  of  current  observations.  See  footnote  or.  page  21.) 

In  SST  analyses  (and  all  other  ocean  thermal-structure  parameters 
encompassed  by  EOiS)  a  special  procedure  is  used  tor  weights  associated 
wi.n  estimates  o:  the  object  parameter.  This  is  discussed  in  the  following 
Section. 
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Assembly  of  Now  In  forma  ti  >r, 


4.5 


4.5.1  The  Assembly  Field 

In  many  applications  of  FIS  the  new  information  provided  by  curie;.; 

observations  of  an  object  parameter  P  is  assembler  into  the  P*  ,  A-  fields. 

0  0 

For  SST  however  (and  other  EOTS  parameters)  we  use  a  separate  assembly 
field.  This  field  is  used  to  accumulate  the  information  provided  by  all 
recent-past*  observations  of  the  object  parameter  T  . 

Assume  that  the  analysis  sequence  has  been  running  for  some  time 
and  that  the  assembly  field  for  time  T- 1,  after  assembly  of  the  ~-l 
observations ,  is  given  by  T^  T_^  of  weight  A  ^  T  ^  .  At  some  grid 
points — those  on  shipping  lanes  for  example — the  information  represents  the 
accumulation  of  many  observations  and  hence  the  associated  reliability  will 
be  high.  At  other  grid  points  the  information  may  represent  only  a  small 
number  of  observations;  the  reliability  will  be  low.  We  must  now  carry 
T>i  t-i  '  t-i  Ql°n<3  tnc  time  axis  to  time  t  to  provide  an  assembly 
field  for  the  current  observations.  Denote  this  field  by  T^  of  weight  A  .  . 

(It  will  be  appreciated  that  T^.  T  ^  of  weight  A  T  ^  ,  and  T^  of  weight 
Aq  are  not  analyzed  fields.  They  contain  an  accumulation  of  information 
provided  by  observations  of  the  object  parameter.  The  utility  of  these 
fields  will  shortly  become  apparent.) 

To  carry  T  .  .  along  the  time  axis  to  time  T  ,  thus  providing  T  , 

JN/'-i  0 

a  formulation  similar  to  Eq.  (58)  is  used: 


T 


0 


N,t-1 


C,T- 


•i) 


+  T 


C,T 


1 


See  Section  4 


.3. 


(66) 


On  completion  of  the  T-l  analysis  the  best  information  we  .sn\ 
concerning  the  reliability  of  the  analyzed  field  i'T  ^  is  given  by  A„  ,  . 
Suppose  tliat  at  a  particular  end  point  t..e  analysis  resultant  for  T-l  was 

?'  ,  A  ,  where  .  .  19,0°C  and  A  .  is  low  because  no . ch 

*  ,  ‘ ~  ~ 

Information  was  available  for  analysis  in  the  vicinity  of  F<  i 

observations  then  arrive,  ail  made  by  independent  ships  very  close  n  the 
grid  point  and  all  reporting  ab<  ut  l'1'  C  foi  time  t-i  .  rhe  analysis  is  r<  i  ... 
incorporating  these  reports.  After  re-analysis  T*  would  still  be  1'  .t  O 


but  A  ,  would  oe  consioeinoly  htgner,  leiiectmg  tno  gieatei  coni 

Ad  ^ 

wo  have  in  i  ,  ^  as  an  ©stimato  oi  tno  (tiu«  '  ropi\'Soniativo 


tb.o  object  scale  of  resolution.  Then  anothe;  3o  independent  obsetvw Lions 
arrive,  all  reporting  about  19^0  near  l for  time  T-l  .  The  analysis  is 

★  O  * 

again  re-run  giving  T.  =  19.0  C  with,  a  very  liigh  value  for  A  .  \cu 
consider  the  same  grid  point  say  9  days  later.  Assuming  that  nc  additii  nal 
information  is  available  the  best  estimate  of  the  temperature  at  *  ,".  would 
be  19  c  ennanceu  by  a  controlleu  aojus.ment  .owa.d  the  preuietoo 
climatological  value  in  accordance  with  Cq .  (ah).  However  is  die  reliability 
we  can  place  in  this  estimate  made  significantly  greater  by  being  based  on 
40  reports  3  days  old  rather  than  4  of  the  same  vintage?  Clearly  there 
would  not  be  much  difference  between  the  two  reliabilities  to  be  associated 
with  the  SST  estimate.  There  is  an  absolute  limit  on  the  resolution  province, 
by  old  data  imposed  by  the  growth  of  variance  \vr. h  lapsed  time.  This  must 
be  taken  into  account  in  determining  the  reliability  of  the  assembly  i.ele. 
for  time  t  : 


*  ,  T  —  1 


C  „  ,  +  CT, 

* , T-  1  At 


'N ,T-1 


2  *  -1  2 

where  cr  ,  =  (A,  ,  )  and  cr?  is  the  growth  in  variance  with  lapsed 

* ,  r- 1  N,T-1  At 

time.  This  formula  is  an  expedient  treatment  of  a  complex  process. 
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. ™'  * 


The  assembly  field  for  analysis  time  t  (i.e.  ,  T„  ,  A ,.  )  contains  the 

0  0 

accrued  (but  time-decayed  and  trend-adjusted)  information  of  relevance  to 

the  analysis  provided  by  a_H  observations  of  the  object  parameter  (SST)  that 

have  been  assimilated  into  previous  analyses  in  the  sequence.1  At  some 

grid  points,  especially  if  the  analysis  sequence  to  time  t  represents  only  a 

small  number  of  analyses,  there  may  be  no  information — i. e.  ,  no  past 

observations  have  been  assembled  at  that  grid  point.  Before  each  analysis 

therefore,  is  combined  with  the  object-parameter  PIF  T*  ,  A'. 

using  a  very  low  assigned  weight  for  A*  .  Grid  points  in  the  assembly 

field  where  A^  »  A  ^  will  be  virtually  unaffected.  However  in  regions 

where  is  very  small,  the  combination  of  ana  T*  will  tend  toward 

T*  which,  in  data-sparse  regions  will  tend  toward  the  local  climatological 

value  T  .  This  is  reasonable — if  no  information  is  available  from  recent- 
c 

past  observations  the  best  estimate  of  the  representative  temperature  is 
provided  by  the  distant-past  observations  used  to  derive  climatological 
values . 


4.5.2  The  Data  List  and  Removal  of  Duplicates 

Assume  that  the  SST  analyses,  carried  out  every  24  hours,  are  for 
00Z  and  that  analyses  are  run  at  07Z.  As  explained  previously  (Section  4.3) 
observations  other  than  those  made  at  00Z  may  be  utilized  in  an  analysis. 
We  shall  assume  that  all  observations  of  SST  made  between  00Z  +5  hours 
and  00Z  -17  hours  are  used  in  the  00Z  analysis.  In  this  way  the  possibility 
of  using  an  observation  more  than  once  is  avoided  although,  of  course,  we 
may  lose  some  data — for  example,  an  observation  made  at  00Z  but  not 
received  until  06Z  will  not  be  included  in  any  analysis  if  this  simple 

9 

procedure  is  used  to  determine  current  observations  for  a  00Z  analysis. 

*The  benefits  of  accruing  information  along  the  time  axis  were 
described  in  Section  2;  in  particular  see  Fig.  3  and  associated  discussion. 

2 

In  practice  a  rather  more  involved  procedure  is  followed  to  ensure, 
as  far  as  possible,  that  all  data  is  utilized.  This  is  particularly  important 
for  BT  data  because  of  the  relatively  small  number  of  sub-surface 
observations . 
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All  current  data  is  compiled  into  a  data  list  containing  separate 
sections  for  in-situ  observations  made  by  ships  as  part  of  a  normal  weather 
report,  SST  OQservations  from  BT  reports,  and  satellite-derived  data.  Each 
section  is  ordered  by  time  of  observation  and  by  latitude.  This  ordering 
makes  the  detection  of  duplicates  a  simple  matter.  Each  observation  is 
compared  v/ith  the  one  following  it  in  the  data  list.  If  time  of  observation, 
location  (lat/long)  and  SST  value  are  identical  then  a  duplicate  exists  and 
is  eliminated  from  the  data  list.  (In  practice  the  BT  and  satellite-derived 
components  of  the  current  data  list  do  not  contain  duplicates.  BT  data  is 
quality  controlled  during  data  collection  before  compilation  of  the  data 
list,  and  the  nature  of  satellite-derived  information  precludes  duplicate 
reports . ) 


4.5.3  The  Assembly  Process 

The  simplest  method  is  to  take  each  SST  observation  in  the  current 

data  list,  carry  it  to  the  nearest  grid  point,  and  assemble  it  into  the  T.  ,  A. 

u  u 

field  (see  Section  4.5.1).  To  carry  an  SST  report  to  the  nearest  grid  point, 
the  object  parameter  PIF  (T*  )  is  interpolated  (non-linearly)  to  provide  a 
value  at  the  location  of  the  observation.  The  difference  between  the 

•k 

interpolated  value  and  the  station  value  is  then  added  to  the  value  of  T^ 

at  the  nearest  grid  point.  The  resulting  value  is  an  estimate  of  SST 

the  grid  point  provided  by  an  observation  made  near  the  grid  point.  *  This 

value  may  then  be  assembled  at  the  same  grid  point  in  the  T^  ,  A.  field 

using  the  standard  FIB  rules  for  combining  information.  To  assemble  such 

an  estimate  the  associated  reliability  is  required;  initially  this  may  be 

2 

provided  by  the  class  weight  — see  Section  3.1. 


Special  provisions  are  made  for  interpolating  in  the  presence  of  an 
S CD  field. 

2 

This  weight  may  be  modified  during  the  reevaluation  process  (Section 
4.8).  Also,  in  some  FIB  applications  (though  not  SST  and  EOTS)  the  assembly 
weight  is  reduced  as  a  function  of  the  magnitude  of  the  gradient  in  the  vicinity 
of  the  report,  thus  reflecting  the  additional  uncertainty  caused  by  extrapolation 
in  such  regions.  Other  factors  (such  as  land-station  elevation  for  pressure 
reports)  also  may  be  taken  into  consideration  when  determining  assembly  weights. 


Lot  1,]  iH'  t!*0  \  .  v!». .  il» 

ioarost  id  point  4  ,  i*»ay  *  *  y  • 

. *  1  l'  extrapolation  io»j»ic*la  *  *  • . 


,  ,  i'. >  i r*t  are 


wnere 


the  extrapolates  vc\ i u a^  <ir*a  point  *  , 


iT,  is  the  object  parameter  ?1F  value  at  1 

'  u  , 

* 

l  is  the  repartee,  value  o.  bS .  . . .  station  locatior.  t, 

'  i .  1 

^T*  i  is  the  PIT  value  interpolated  at  the  station  location 
1,1  using  a  12-point  operator  and  .he  3CD  field. 

However  before  assembling  1’,  arte  the  assembly  field  a  “Go  .. 

A.  ~ 

drror  Check"  is  performed  by  comparing  tire  observed  value  with  the  Fif 

value  at  the  i, j  locat Ion .  If  tire  difference  !  etw<  (  n  the  twe  valu<  s — i . e . , 

1’  -  T*  --exceeds  a  certain  specified  large  limit  then  the  report  is 
u  i,j 

considered  a  gross  error  and  is  rejected,  lire  maximum  allowable  difference 
depends  on  latitude — SST  variabilities  are  greater  in  higher  latitudes  so  a 
greater  difference  must  be  allowed  before  a  report  may  be  considered  as  a 
gross  error.  For  SST,  up  to  1 0° C  difference  is  allowed  poleward  o.  60c  , 
and  5°  C  eguatorward  of  20  ;  the  allowable  difference  varies  linearly 
between  20°  and  60°  latitude.  Only  reports  passing  this  Gross  Error  Check 
are  assembled  rr.to  Tq  ,  A  g  at  the  appropriate  grid  point  for  further 
evaluations  and  error  checks. 

As  each,  report  is  assembled,  tire  information  provided  by  current 

observations  is  accumulated  in  the  assembly  field.  After  all  observations 

of  SST  have  been  assembled  the  resultant  field  is  T_.  _  of  weight  A ..  _  . 

N  ,  T  a  ,  • 

this  field  contains  all  information  provided  by  current  observations  of  the 
object  parameter,  and  all  information  provided  by  observations  of  the 
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object  parameter  used  in  previous  analyses  carried  and  acciueo  ulon.; 
the  time  axis  to  time  t  . 

(For  the  next  analysis,  _  ,  A..  _  is  carried  alone,  the  time  ax.. 

X  ,  ~  A  ,  < 

to  provide  the  assembly  field  for  time  t  i  1  in  exactly  the  same  manner  a.. 

T  ,  A  ,  was  carried  along  the  time  axis  to  provide  the  assembly 

N,f-1  X  ,  T  - 1 

field  tor  time  t  .  See  Section  4.5.1.) 

To  clarify  the  purpose  of  this  assembled  field  which,  in  cenci'u  1 , 

we  may  denote  by  Tv  ,  A  .  ,  it  provides  one  of  .no  weighted  information 

fields  to  be  blended  with  other  weighted  information  fields.  The  blending 

equation,  Eq.  (47),  is  given  for  the  arbitrary  grid  point  i  .  The  value  of 

T  ,  A  at  & provides  the  first  term  on  the  right-hand  side  of  the 
X  X 

blending  equation;  i.e.  ,  for  the  object  parameter  sea-surface  temperature 


u  t j) 


The  other  terms  in  the  equation  are  provided  by  the  PIES  derived  in 
accordance  with  Eqs.  (50)  through  (65)  together  with  their  associated 
weight  fields. 

As  noted  at  the  beginning  of  this  Section  the  method  of  assembly  just 
described  is  the  simplest  method.  All  observations  have  been  assembled 
using  their  appropriate  class  weights  where  class  weight  is  determined  by 
the  inherent  variance  in  values  of  SST  provided  by  the  various  observing 
systems.  Suppose  we  have  three  classes  of  observation: 

SST  reports  from  ships,  class  weight  =  Aj  . 

BT  reports  (surface  reading),  class  weight  =  A0  . 

Satellite-derived  reports ,  class  weight  =  A  . 

In  practice,  rather  than  using  these  class  weights  as  initial  assembly 
weights,  we  define  a  "base  weight".  Initial  assembly  weights  are  then 
determined  by  multiplying  this  base  weight  by  an  assigned  class  multiplier. 
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hus  ,  in  general , 


A 


f  A 
n 


where  A  is  the  initial  assembly  weight  tor  observations  in  class  r.  , 
n 


;  is  the  assigned  class  multiplier,  anu 
n 


A  is  the  base  wei  jht . 
R 


(In  the  EOTS  analysis  system  for  example,  A 


,  0  for  the  SST  par . e: 

.  Q  and  .  ,  0 .  * ,  . 


The  class  multipliers  currently  are  f  -  0.5,  f, 
giving  initial  assembly  weights  of  0.5,  1.0  and.  0.1  respectively.  Mote  l:. 
low  reliability  associated  with  satellite  data,  reflecting  tire  uncertainty  .  . 

indirect  measurements  of  the  object  parameti  r.  rhe  EOTS  system  i  rov . 

•i-D  analyses  of  ocean  tncrmal— structure  parameters,  ihe  suitaoe  i <..*o .a-.  ■ 
from  BT  reports  are  weighted  more  highly  than  SST  reports  trora  snips 
because,  in  the  context  of  EOTS,  they  are  of  greater  worth,  however,  a 
we  were  concerned  solely  with  an  SST  analysis,  then  this  would  not  bi 
so  and  equal  initial  assembly  weights  could  be  used  lor  the  two  classes  o 
data . ) 


The  reason  why  we  define  initial  assembly  weights  in  toims  Oi 
base  weight  (Eq.  (70)),  rather  than  directly  using  class  weights ,  is 
necessary  to  the  reevaluation  process  described  in  Section  4.S. 


4.5. 4  Staged  Assembly 

This  is  a  more  sophisticated  assembly  process  than  that  describee, 
in  the  previous  Section. 

Suppose  that  a  very  large  number  of  satellite-derived  reports  aie 
assembled  at  a  particular  grid-point.  Clearly,  since  report  weights  are 
combined  linearly  (Eq.  (22)),  the  weight  of  that  grid  point  due  to  these 


I 


satellite  reports  may  be  very  high.  Now  .  uj  p<  se  that  a  relativ«  ly  small 
number  of  ship  reports  also  are  availoole  at  the  same  grid  point.  Even 
though  the  assembly  weight  for  satellite-derived  auta  is  lower  titan  for 
ship  data,  the  combined  satellite  reports  can  overwhelm  the  ship  data --in 
other  words  most  of  the  information  at  the  grid  point  would  be  based  on 
satellite  data.  Does  this  matter?  If  all  reports  were  true  random  samples 
of  the  representative  temperature  then  it  would  not.  However  the  satellite- 
derived  data  may  contain  a  bias.  This  bias  is  not  necessarily  a  fixed 
calibration  error.  The  bias  could  vary  with  time  (calibration  drift)  and 
could  vary  in  a  non-random  manner  over  the  field;  such  biases,  being 
non-random,  are  not  always  represented  in  the  class  weight  for  satellite- 
derived  data.  Thus  no  matter  how  many  satellite-derived  observations  of 
SST  are  assembled  at  a  grid  point,  the  combined  weight  of  these  observations 
in  general  is  not  a  true  reflection  of  the  reliability  of  the  object-parameter 
value.  Some  method  is  required  for  limiting  the  combined  weight  of  a 
particular  class  of  observations  at  a  given  grid  point  to  a  maximum  value. 

Consider  the  class  of  observations  S  of  class  weight  A  _  .  If  NT, 

S  S 

observations  in  this  class  are  assembled  at  a  grid  point  the  resulting  weight 
is  N  A  .  Let  V  be  the  maximum  assembled  weight  allowed  due  to 
assembly  of  class  S  observations  at  the  grid  point.  (V  is  the  minimum 

O 

allowed  variance.)  The  weight  at  the  grid  point  resulting  from  assembly  of 
N,  observations  may  be  limited  thus; 

b 


A 


SN 


NsAs  vs 


/*7  t  \ 

(71) 


where  A„.r  is  the  limited  combined  weight.  (It  can  be  seen  that  Eq.  (71) 
SIn  __  2 

adds  a  "limiting  variance",  ,  at  the  grid  point.) 
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The  effect  of  this  formulation  is  shown  in  Fig.  14  where  V  has 

S 

been  taken  as  10.0  (i.e.,  the  limiting  variance  is  0.1,  corresponding  to 
a  limiting  standard  deviation  of  about  0.32UC). 

Although  the  concept  of  a  limiting  variance  has  been  explained 
in  terms  of  satellite-derived  data,  it  is  applicable  to  any  data  ciass. 
For  example  observations  of  SST  may  be  grouped  into  3  classes.  Where 
appropriate  (e.g.  ,  in  EOTS)  limiting  variances  could  be  added  to  any  class 
(or  classes)  to  prevent  more  numerous  observations  from  overwhelming  less 
numerous  reports  which  have  a  greater  significance  in  the  context  of  the 
analysis  objective. 

To  make  use  of  the  concept  of  a  class-limited  variance,  we  utilize 

two  assembly  fields.  The  first  one  is  T„  ,  A  ,  (see  Section  4.5.1).  The 

0  u 

second  one,  say  T  ,  A„  ,  is  initialized  by  setting  T  ,  A_  =  0,0  over  all 

O  O  o  o 

*  ,"■  .  Individual  reports  of  the  same  ciass  are  assembled  into  T  ,  A., 

S  S 

using  the  assembly  process  previously  described .  When  all  reports  for 
this  class  have  been  assembled  an  appropriate  limiting  variance  is  added 
to  each  grid  point  ana  the  resulting  fields  (object-parameter  value  and 
weight)  are  added  into  Tq  ,  A  ^  ,  A,  is  again  initialized  and  used  for 

the  assembly  of  the  next  class  of  reports.  When  all  reports  for  this  class 
have  been  assembled  a  limiting  variance  is  added  and  the  resulting  fields 
of  object-parameter  value  and  weight  are  combined  with  the  contents  of 
Tq  ,  Ag  .  Repeating  this  process  constitutes  a  "staged  assembly".  (The 
resultant  field  provides  T  ,  A^.  for  entry  into  the  blending  process.)  By 
using  this  method  the  "sub-assemblies"  of  individual  reports  in  their 
respective  classes,  as  well  as  the  full  assembly  of  classes,  can  be 
made  in  any  order.  In  addition  an  added  limiting  variance  will  effect 
only  its  specific  class,  not  classes  already  assembled. 

(The  process  of  staged  assembly  facilitates  the  withholding  of  all 
reports  belonging  to  a  particular  class.  The  withheld  reports  remain  in 


Figure  14 
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N  .  A  , 
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The  effect  of  adding  a  limiting  variance  (0. 1)  to  the  combined 
weight  of  N  observations  each  of  weight  A  .  A  „  .  is  the' 
limited  combined  weight.  See  text.  .  b 
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tne  uata  list  and  can  ;>t?  "reevaluated'1  al ...:.  wim  1:10  repeals  from  assomou  .. 
classes.  In  this  way  an  objective  assessment  can  be  made  of  Lite 
usefulness  and  accuracy  <  t  .»  particulai  cla:  s  (< .  type)  <  i  data.) 

In  the  previous  Section  initial  assembly  weights  were  used  to 
emphasize  the  value  ot  surtace  readings  iron*  b.s  tn  tr*e  context  of  aO.a 

analyses  •  Staged  as se . y  provides  a  superior  method .  Neverthe les s 

the  problems  of  satellite-calibration  bias,  although  reduced  by  staged 
assembly,  still  remain.  By  imposing  a  iimitin  variance  on  th«  .  .. 
number  of  SST  reports  provided  by  satellite  sensors  we  are  sacrificing  sc  me 
if  the  information  contribution  potentially  available.  FIB  is  capablr 
circumventing  calibration  problems — in  fact  can  detect  and  determ.no 
calibration  bias  and  its  variability  in  space  ana  time — but  an  explanation 
of  how  this  can  be  achieved  must  be  postponed  until  a  FIB  system  for  SSf 
analysis  has  been  described. 

4.5.5  Assembly  of  Satellite- Derive  d  SST  Gradient  Information 

there  are  four  methoas  which  coulo  be  used  to  assimilate 
satellite-derived  SST  information  into  an  SST  analysis: 

a.  Direct  assembly  (Section  4.5.3). 

b.  Staged  assembly  (Section  4.5.4). 

c.  Gradient  assembly  (discussed  here). 

d.  Alternating  Parallel  Analysis  (Section  4 . 12) — the  superior 
approach. 

In  staged  assembly  we  utilize  an  anciliiary  field  T  ,  A  ^  for 

assembling  a  particular  class  of  information.  Following  assembly  a  limiting 

class  variance  is  added  to  T,  ,  A  which  is  then  combined  with  the  main 

assembly  field  T^  ,  A^.  In  the  case  of  assembled  satellite-derived 

information,  T  could  be  used  to  provide  estimates  of  gradient  (i.e.  ,  the 
o 
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first— di  erences  b,  c,  d,  e,  f  and  g)  and  these  estima te . .  .... 

d » e  appi  p.iate  scape  . 1 1  S  •  .  > .  1  s  procc*-.^*.  e  w  o  u  ici  a  vo  io  t  he  e  ; .  oc . .  o . 

calibrate  -  ■  bias  *.i •  id  drift  a  s  It  n  .  as ,  at  any  particular  time ,  . . 0  .  ias 
no;  obscure  the  local  shape  information „ 

(At  this  time  EOTS  utilizes  the  direct  assembly  method.'  Crad*er.. 
a sseiwjr/  ;s  utilizea  in  o  bogus  capability  ;or  assimilating  signticant  So. 
gradienus  stibject.voly  m.erpretcQ  trom  sate.iite  imagery  or  any  otr.er 
appropriate  source.  See  Appendix  C  of  the  Users  Manual  [3]..) 

.  6  h'.-.-n-.i  m  •  f  r  S>  u -.-'urfec  ■ 

summarize  the  analysis  proc<  lure  s<  fai ,  the  resultant  of  the 

previous  analysis  has  oeer.  carried  al  n  1  ...  t .  axis  to  provide  , 

0  0 

i’nis  field  has  been  partitioned  in  terms  of  component  information  fields  to 

■  seven  "shape"  PIFS,  each  with  an  ass  ciated  weight  fielc . < 

assembly  field  of  the  previous  analysis  also  i.as  ueen  carried  forward  along 

the  time  axis  to  provide  T.  ,  Ar  and  combined  with  T  ,  A,  using  a  low 

★ 

assigned  weight  for  A  ^  .  Following  a  Cross  Error  Check  new  observations 

have  been  assembled  into  this  field  to  provide  the  new  assembly  field 

T  ,  A  .  We  thus  have  eight  weighted  information  fields — T  ,  A  .  and 
X  X  A  X 

the  seven  weighted  shape  (or  spreading)  PIFS. 

For  any  arbitrary  grid  point  the  corresponding  values  from 

these  eight  weighted  information  fields  are  entered  into  the  Blending 
.  it  ion  (Eg.  (47)),  thus  yielding  one  equation  per  grid  point.  The  system  o 
linear  equations  is  solved  using  the  technique  of  Blending  by  Weighted 
Spreading  described  in  Section  3.5.3. 

Blending  is  the  process  of  compounding  all  information  into  an 
optimum  determination  of  the  distribution  of  the  object  parameter.  This 


Staged  assembly  exists  as  a  capability  but  as  yet  (June  1579)  has 
not  been  activated. 
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process  is  achieved  by  determining  the  be-:.:  fit,  in  a  least  squares  sense, 

•  the  ei . >le  >f  w<  lighted  in  forma  ti  . .  fields .  .  iring  blending,  rid- 

point  information  is  spread  to  surrounding  grid  points  through  the  seven 

•  1  ■  ■  ; . aplacian  fields .  fhe  degre<  of  spreading  increase  with  tht 

• '  •  -  •  ■  ■ — y  it  thi  rid  points  and  reliability  f  the  surr<  . t s . 

After  blending  each,  grid  pom:  will  have  a  new  value  of  temperatuic  , 
reflecting  surrounding  information  as  well  as  information  at  the  grid  pom 
its olt.  bach  grid  point  will  have  a  new  weight  value,  reflecting  the 
reliability  of  surrounding  information  contributing  to  the  new  temperature 
value. 


At  first  sight  it  would  seem  that  the  resultant  of  the  blending  proces; 

.  •  vldes  the  r<  [uired  analysis  of  the  ol  •  t  j . eter  distribution.  Indeed , 

some  less  sophisticated  analysis  techniques  are  unable  to  refine  an 

malysis  1  <  y  t . sin  le  leas  t-s  q  tan  s-fit  .  i  cess.  However  in  FIB,  ...  s 

1 

analysis  is  considered  to  be  preliminary  only. 


4  • 7  Computing  the  Reliability  Field  for  blended  SST 

Alter  the  blending  process  each  new  grid-point  value  will  have  a 
different  weight  or  reliability  than  it  did  before  blending.  To  illustrate, 
suppose  that  before  blending  a  certain  grid  point  had  nothing  but  PIF 
information,  but  nearby  grid  points  had  the  help  of  many  reports.  After 
blending  the  deserted  grid  point  would  have  been  provided  with  information 
from  its  data-rich  neighbors  and  thereby  would  have  an  increased 
reliability. 

The  new  weight  field,  computed  in  accordance  with  the  formulations 
given  in  Section  3.5.3,  provides  the  basis  for  the  reevaluation  procedure 
described  in  the  following  Section. 


In  general  a  FIB  analysis  consists  of  three  cycles — the  blending 
equation  is  applied  three  times  to  determine  the  optimum  resultant. 
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,\Hv  wit.  .mo  ■>!  ti.o  Oit*r.v:cu  i  o  rr*  pc*  ramro  it  €*ucn  :  *• .  \  •  im  uito  tr.o 
u>.  reliability  enables  t..e  rib  analysis  :.i  ..  reeval-uie, 

v,  (  ich  piece  <  .  u .  ^ .  . <  . y  ■  • .  . 

i  o  o  v u  •  .iU . » . 1 . .  f  .  v ua . * *■  v  ...ivi j no  ...  . a ^ > i> •<  o« v *c 

,.,.s  reeva. nation  capabi.ity  is  ono  ci  tno  .  .  va.Ui-.oie  icuiui..  -•  c*  .,.v 
rib  method.  lo.  y. 

:  1 . <  .  - .  .....  \  tempera  i  .  ■ .  ,  <.  < .a » .  1 1  '.  ■ . 

.  .  . .  ;  .  . .  v  .  .  rid*]  ...  r  .  . 

local  inde]  ndent  w<  i  ... :  .  n — i. e. ,  t  'back  .... 

> 

.  : .  .  A  :  i . eter ,  A.  ,  is  computed  for  (  ich  report;  ^ 

the  difference  between  the  reported  temperature  .ii ..i  the  "background 
. e"  expressed  in  units  of  the  expect  . ^  r  ic«  . 

.  i.»rji’.otors  ontorir»o)  ir.co  rcpoi .  gv' a . u.i ^ .  v  ..  induces 

T  the  magnitude  o:  the  report  in  "  o'  after  it  has  been 

n 

extrapolated  to  tr.e  nearest  x ; r  1m,  point  by  the  s r* ape  oi  ate 
Fir  in  cycle  1  and  by  the  shape  of  the  preceding  analysis 
in  cycles  2  and  3  (Eq.  (68'). 

A  the  assembly  weight  with  which.  2  has  been  previously 
n  n 

assembled  at  the  nearest  <  rid  point.  (N c  .e  that  both  F 

and  A  chance  with  each  assembly'.) 
n 

T*  the  resultant  (blended)  analysis  value  a;  the  nearest  grid 
point . 

A*  the  resultant  (blended)  analysis  weight  a:  the  nearest  grid 
point . 

A  .,  tiie  base  weight. 


The  removal  of  information  is  described  in  Section  3.2.5. 
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The  background  information  i:;  given  by 


*  * 

A  T  -  A  T 
_ n  r 

A*  -  A 


A  =  A 
B 


The  difference  between  T  and  T.  may  be  expressed  in  scaled 

n  B 


units  (A)  of  the  expected  difference  thus: 


arad 


where  the  K  factor  reduces  A  in  the  first  reevaluation  to  account  for  the 

n 

larger  variance  in  the  report  population  before  more  refined  evaluation  has 
taken  effect.  (K  =  0.25  for  cycle  1,  and  unity  for  cycles  2  and  3).  Note 


%AB 


Additional  variance  contributions  can  be  included  in  the  denominator 
wherever  appropriate. 

2  2  2  2 
Let  A  be  a  specified  upper  limit  for  A  ;  if  A~  reaches  A" 

max  max 

then  the  report  is  withheld  from  the  subsequent  analysis  (i.c.,  the  report 
is  tentatively  rejected).  The  weight  reduction  parameter,  F  ,  is  defined  by 

/  *!  \ 


(Fn  =  0  indicates  rejection.) 
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i\i?t?vu ludt ion  consists  oi  replacing  lin  «j.-;:;ombly  vwiiii.i,  A  ,  bv 

vi  reevaluated  assembly  weight,  A  ,  where 

ni\ 


i  *‘V  ,, 

n  i\ 


2 

(X  o*.p  that  ^  is  defined  in  Lerr*.;-  v. ■> i 


.  LI  defined 


•  •  i  * 

then  reevaluation  is  loss  stringent  tor  reports  ui  low  reliability  because  t:u 

expected  variance  is  higher,  sing  A  as  ....  basis  .  r  reevah . 

1\ 

ensures  that  all  reports  are  judged  in  the  context  oi  a  fixed  expectation) . 


•1 . 9  cycl  Ln< 


he  procedures  d es crib  d  in  ■  >  i  ■  .  t(  * t . .  cons t i tu 

first  analysis  cycle •  rhe  sequence  .. > :  op<  ......  ....  ... >w  by 

returning  to  the  assembly  stage  (Section  4.5).  Cycle  2  commence: 
with  the  reassembly  of  reports  with  their  reevaluated  weigh  is  as 
determined  in  Cycle  1.  rhe  program  then  proceeds  just  the  same  as  in 
Cycle  1  (apart  from  setting  K  in  Eq .  (74)  equal  to  1.0).  The  reevaluation 
in  Cycle  2  will  be  more  precise  since  doubtful  reports  were  downgraded 
(with  respect  to  weight)  in  the  first  cycle  and  had  less  or  no  effect  in  due 
second  cycle.  The  reevaluation  now  is  more  meaningful  because  it  is 
based  on  checked,  re-weighted  reports.  Of  course,  in  spite  of  the  fact 
that  x  was  set  to  0.25,  it  is  possible  that  some  good  reports  were  thrown 
out  in  the  first  cycle.  This  usually  occurs  when  only  one  good  report  is 
found  at  an  isolated  grid  point  along  with  a  bad  one.  fhe  roovalu.it ion  .u.x 
insufficient  information  from  surrounding  ureas  to  determine  which  report 
is  actually  good.  The  result  is  that  both  are  rejected.  In  the  second 
reevaluation  the  good  report  matches  the  analysis  fairly  well  and  may  be 
allowed  to  enter  the  analysis  again  in  the  third  and  final  cycle.  (In 
practice  it  is  found  that  the  discrimination  capabilities  provided  by  the 
Cycle  1  evaluation  of  report  reliability  are  such  that  reports  are  rarely 
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t*6 instated  • )  . . .  v '  hi rd  eye u  •  •  .  dccurdcy  boc< 

the  sovViui ,  moie  accurate  iccvalaation. 

Reports  .uc  not  usually  reevaluated  can an  _ •  third  even  a.-.  u>  ... 

so  docs  not  contribute  information  to  the  fund.  analysis,  la-wow  .  ,  ..  a 
measure  ot  report  teliability  is  .eepuuua,  tin  t.us  sieasuo  im.y  o  _  v  ..  . 

by  Cycle  3  reevaluation.  Note  that  rej  •  ..  ;«  lial  ihty  dej  <  . . 

on  the  object  scale  of  analysis-  resolulU-n.  A  repot :  which  is  nn.ucn  .  . 


,  aun 

rrr; 
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ae  27). 

-  1 
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icntat  ion 

a  pooi  estimate  ot  the  k v,i  1  ropi esenta:  iw-  tens  oiattuo  on  cue  scab  v 
resolut ion  may  prove  tv-*  no  a  new  aeon  estimate  ot  ...e  nvj-  1 et  vesv-utai  .\ 
t e mpe ra t uro  on  another  scale  v  .  resonat  a  a  \---  -  uisr  .  . 


4.10  The  Design  .  Modular  Structure  and  Implementation  of  a  FIB  Analvs 
System 

Sections  -1 . -1  throuuh  .  S  describe  tiio  sequence  ot  opetaln  ns 
utilized  In  a  FIB  analysis  of  SST .  rhis  sequence  was  defined  in  Section 
At  this  point  it  is  convenient  to  discuss,  m  >  one  red  terms  ,  how  a  now  IT.- 
analysis  capability  is  established  and  implemented. 

Al»  l  i n  ana iys is  systems  aie  vies niuca  as  an  ensemoio  oi  uimu a-, 
where  each  iv.ouu le  has  a  specific  function  to  pertorm  in  the  overall  .duly, 
process.  A  flit  system  tor  the  analysis  o.  a  particular  object  paramete. 
utilises  three  types  of  modules: 

'  '  ■  :  a  1  -  Tin  pcs- e  Mvvhales 

1'heso  are  modules  of  qonorul  applicability  tv'  all  relevant  analys.s 
systems,  requirinq  only  the  settiiy,  oi  various  adjustable  constants  and 
tuninsi  parameters  in  order  to  employ  th.em  in  a  speed  ic  system. 

Mu  Iti-Tu;  pose  Modules 

These  are  modules  which  can  be  employed  in  a  vaiietv  ot  similar 
applications .  In  qeneral  the  use  of  a  multi-purpose  module  in  a  new  i'th 


system  requires  some  varying  degree  of  program  modification  to  taile.  it  t>> 
its  new  role. 

Specific-Purpose  Module?: 

These  are  modules  which  are  employed  only  by  a  specific  TIB 
analysis  system. 


lire  ability  to  employ  general  ana  muhi— guiposc  mooulcs  *n  u,s 
design  of  a  new  TIB  analysis  system  is  made  possible  because  all  Fib 
analysis  systems  are  based  on  the  same  underlying  concepts  oi  intormu.n  n 
process ing — the  FIB  analysis  methodology,  li  a  new  application  of  FIB 
requires  the  programming  of  a  new  module,  it  1..  a  deliberate  policy  to  ma -to 
this  module  as  flexible  as  possible  so  that,  m  tu.uro,  it  ts  availaolo  :« •. 

<  ther  appropriate  applications.  Foi  exampl  •  the  concepts  ol  staged  asst . y 

(Section  4.5.4),  although  originally  developed  and  programmed  spec. :  ica  ;ly 
for  treating  satellite-derived  data  as  a  separate  class,  can  be  applied  t> 
any  class  of  data  in  any  FIB  application;  the  source  code  tor  staged  assembly 
thus  constitutes  a  general-purpose  module. 

The  utilization  of  general  and  multi-purpose  modules  in  FIB 
methodology  has  many  advantages.  Improvements  made  in  a  module, 
perhaps  because  of  the  development  of  a  new  concept  or  because  ot  the 
specific  requirements  of  a  new  application,  automatically  are  incorporate, 
in  all  analysis  systems  which  utilize  that  module.  The  ability  to  utilize 
pre-existing  program  components  which  have  been  tried  and  tested  m 
previous  applications  reduces  development  costs  and  times  tor  a  new 
application.  The  use  of  generalized  components  permits  common  formats 
and  procedures  to  be  utilized,  and  avoids  unnecessary  duplication  on  .he 
system  libraries. 
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i o  6St^blish  a  now  ills  ondlys i><  cnpoal.ity  the  ft  .lowinu  s.ava1.’ 
sjeneraiiy  are  required 

Vs . an  Study  Methods  for  achieving  the  required  analysis  capability  are 

considered.  There  are  many  factors  to  bo  taken  into  account--the 
reliability,  frequency  and  density  of  observations  of  the  object  paruu.oU  r;  * 
other  possible  sources  of  relevant  information  and  methods  for  extract  nr: 
tiie  information  component  of  relevance  to  die  object  parameter;  how  n 
represent  or  parameterize  the  available  information  so  as  to  best  satisfy 
the  objectives  of  the  analysis;  metiiods  for  combining  tire  diverse  :n  urces 
ot  information;  methods  tor  cariying  ana  accrume  information  aiong  t.ie  tiir.e 
axis  to  provide  the  necessary  PITS;  available  data  bases  and  climatoloen  0 
(if  appropriate);  the  object  scale  of  analysis  resolution  in  space  and  time; 
the  required  output;  operational  scheduling  including  the  availability  of 
required  fields  produced  by  other  analysis  and/or  forecast  capabilities;  and 
so  on.  Based  on  these  considerations  ail  necessary  formulations  are 
developed.  The  modular  structure  of  the  new  analysis  capability  may  then 
be  defined.  As  much  use  as  possible  is  made  of  program  components  wit  ten 
already  are  used  in  other  FIB  applications;  necessary  modifications  to 
multi-purpose  modules  are  noted,  thus  increasing  their  range  of  applicability 
to  encompass  the  new  requirements.  The  functions  of  new  modules  are 
defined,  including  the  main  driving  programs  which  set  adjustable 
specifications  in  general  and  multi-purpose  modules  to  take  account  of 
variations  required  in  the  general  procedures  by  specific  applications. 

Production  of  an  effective  and  efficient  system  design  is  an 
essential  first  step  in  establishing  a  new  FIB  analysis  capability.  The  time 
and  effort  expended  during  the  design  phase  is  very  cost-effective. 


The  object  parameter  of  the  analysis  need  not  bo  a  directly 
observed  (or  measured)  environmental  parameter. 


I 


Pr» 1  gru  m m i  ng  Based  on  the  oesign  stuciy,  tue  moi.>  urivei  is  pi ■  <g;am*r.c'G 

together  with  all  other  new  modules  and  necessary  modifications  -o 
pre-existing  modules. 

Vesting  A  series  of  lest  runs  is  made  to  ensure  that  all  program  c  u..p»  neats 

are  functi  >ning  in  accordance  with  expectations,  rhe  overall  FI . .  th  .  I 

encompasses  a  number  of  program  components  which  provide  field  v»  rificatiiu 
statistics  >ma  a  variety  of  measures  of  system  performance.  These  are  used 
to  set  tuning  parameters  to  provide  optimum  output.  All  other  TIB  analysis 
systems  making  use  of  modules  which  have  been  modified  in  establishing 
the  new  capability  are  checked  to  ensure  that  these  modifications  dt  not 
produce  unexpected  results  in  other  analyses. 

Operational  I  Valuation  The  new  TIB  analysis  capability  is  then  run  in 
real  time  using  data  obtained  during  normal  operations.  The  products  c. re¬ 
evaluated  against  the  design  objectives  i  ..  ..  continuing  basis .  .  f  n<  ce:  sary, 
improved  formulations  are  developed  and  the  appropriate  modii. amnions  mode 
to  program  components.  The  values  of  adjustable  constants  arc  rettned. 

Opera*. iona  1  Implomentat ion  The  new  analysis  capability  now  may  be 
placed  in  the  operational  jobstream  and  the  product  utilized  for  its  intended 
purpose. 


Program  Maintenance  FI  13  analysis  systems  in  general  are  very  flexible 
There  is  normally  a  wide  variety  of  user  options  with  regard  to  adjustable 
Parameters,  analysis  grid  dimensions ,  spacing,  location  and  orientation, 
analysis  frequency,  the  ability  to  force  in  and  force  out  real  or  invented 
data,  output  formats,  and  so  on.  On  occasion  problems  arise  which  we  re 
not  uncovered  during  the  testing  and  operational  evaluation  phases.  Such 
problems  are  usually  minor  in  nature  and  their  rectification  is  covered  by 
"program  maintenance". 


i. 
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I 


additional  Capabi lit 


■  *  'tl  1  O I  *  ,tU  Y  I U  i  i  O  LO  t '  X  t  L'  lid  mU'  CUpnOllli.iU>j 


■  .1  FIB  analysis  system  beyond  the  original  design  specifications.  Foi 
example  several  capabilities  have  been  added  to  COTS  including  the 
production  ot  temperature :depth  cross-sectior.s  along  any  specified  line 
and  the  ability  to  assimilate  zones  of  strong  SST  gradient  as  determined 
sub  actively  fr<  m  satellite  imagery.  FIB  systt are  sufficiently  flexil  It 
to  a  1  low  such  additional  capabilities  to  be  provided,-  they  then  form  part  of 
the  overall  system. 

. '  n:a :  ’.on  Usinu  the  h'OTS  analysis  system  as  an  example,  ;  r<  . . 

.uaia.enance  i nfoi ma t ion  is  prov id  eu  oy  c o it . .. n  .t ^ s  .  n  the  source  cv  uv1 . 

A  comprehensive  Users  Manual  [3]  is  available  which  enables  the  system 
to  be  used  without  requiring  an  in-depth  understanding  of  the  undcrlyim: 

principles  of  the  FIB  analysis  methodology.  The  l  sers  Manual  is  d<  si< . 

to  iacilitate  documentation  ot  system  modifications  and  additions.  The 
tnird  necessary  component  of  COTS  documentation  is  provided  by  this 
Scientific/Technical  Report . 

4.11  fae  Modular  Structure  of  a  Rimnii'iod  FIB  System  for  the  Analysis  of 

Sea-Surface  Temperature  Distributions 

Figure  15  shows  the  information  flow  and  processing  in  a  simplified 
i  IB  system  tor  the  analysis  of  sea-surface  temperature.  The  schematic 
shown  is  a  subset  of  the  EOTS  analysis  system;  a  more  complete  information 
flow  and  processing  chart  is  given  and  discussed  in  Section  6.  However  the 
simplified  chart  serves  to  illustrate  a  practical  application  of  the  formulations 
and  discussions  presented  in  previous  Sections.  The  function  of  each  module 
is  as  follows: 


I  INITSCD 

1  _  Tests  to  determine  whether  or  not  SCD  field  generation  is 

required  (includes  User  option).  If  not,  then  control  is  passed  to  OTSBT. 
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anu  SS7  observations  available  :'ro:n  sym  •  >:  ie  marine  report:;  ,  should  no;  . 
directly  assembled  with  equal  weights  with  satellite-derived  SST  c.ata. 

,n  tnose  two  modules,  called  by  OisDAl  ,  SSI  r.jui  are  gioupea  togo.-at 
in  ;..e  data  list  according  to  tr.eir  source  ;o.  .ate.  assembly. 


..  ©  prev  U  ...  analysis  at  time  •  -  •  produced  th<  . . 

.es a 4 taut  :*  -  A*x  and  the  assembly  field  'i’K  T_1  ,  AX/-_i 

CUM  carries  1 . it  ion  alon<  the  . <  axis  to  provide  object- 

oi  .....  .'  an . he  current  analysis  (see  Sections  4,4  a 

r  0  0 

..1  t e-- peetive iv  .  A  .  ,  tb.e  weight  meld  to  be  associate^,  with  tiie 
lea  lb  -i  anced  rec<  nt-past  data  fi<  Ids  used  in  the  cm. an. 

.....  is  c  ited  < . ng  the  course  of  the  previous  analysis  run 

. .  v .  Eq.  (67).  ......  avoids  the  necessity  to  save  the  ficl 

o 

.  ...e  vui  lance  contribution  cr .  ,  a  User-control  lod  tuniim 

'  \  ,  "  -  1 

parameter ,  is  set  to  ta.ee  account  or  t..o  ciow...  in  \ui  nun  i  .  in,*...... 

u  u ;  n  • . ;  .c.e  .  *  •  * .  e  do  .wood  a  na  1  ^  s  e  s  , 


,  1  1  ‘  1,1 _ The  object-parameter  PIT,  1’,  ,  is  used  to  produce  ; 

shapiau  and  spreading  PIFS--six  first-difforonccs  (b,  c,  d,  c,  t  and  o'  a 
the  Laplacian  (q).  IXITFLD  computes  ana  stores  each  FIT  derived  from  . 
with  its  associated  (assigned)  weight  field. 


.sN.POTn  jo  improve  information  control ,  optional  smoothing 

processes  may  be  applied  to  the  shaping  and  spreading  Fil'd.  It  smooth h 
is  selected,  then  options  include 

a.  Smoothing  with  or  without  SOD; 

b.  Smoothing  in  coastal  regions  only; 


c.  Smoothing  at  flagged  grid  points  only; 

d.  Smoothing  at  on.y  those  grid  points  having  a  specified  sign 
for  the  Laplacian  of  the  parameter. 

(An  example  of  the  application  of  these  controls  is  the  use  of  options  c.  and 
a.  in  adjusting  gradients  in  the  wake  of  major  reported  retreats  sca-.co 
coverage. ) 


'  SCDSET  I  .  _ 

_ 1  Sets  the  appropriate  spreading  woignts  to  zero  in  .men  .  .o 

decouple  the  direct  flow  c * *  . . .  . it  ion  a (  r  o  s  .  la  nd  harriers .  L ,  a  .  . 

for  B  and  C  are  directly  specified  by  the  SCD  field;  simple  SCD  rules  a;e 
used  to  set  the  zeroes  of  the  other  spreadin.  weights. 


Pro. tram  components  ASSMBL  thr> >ugk 
RE1 VAL  (encl<  sed  bi  ....  tted  line  on  Fig.  IS) 
form  the  heart  of  any  FIB  analysis  system;  all 
o.her  componen.s  essentially  are  coneernca 
with  "setting  u:  "  the  observational  data  and 
other  relevant  information,  and  for  displaying 
the  analysis  product. 


In  ASSMBL  all  observations  are  carried  to  the  nearest  grid  point  by 
an  adjustment  obtained  from  the  shape  of  the  appropriate  PIF.  A  Gross  Error 
Check  is  carried  out.  All  Information  passing  this  check  is  assembled  into 
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process  provides  a  quality  measure  in  t'no  obieot  scab'  o;  resolution  :or 
each  observation  contributing  information  to  the  analysis. 

l"ne  sequence  of  operations  is  repeated  by  returning  to  ASS  Mb  d. 
Three  cycles  are  used. 

Vive  final  analysis  consists  of  a  :ield  of  the  object  parameter  in 
which  every  piece  of  contributing  information  has  boon  assessed  twice  for 
reliability.  Associated  with  the  analysed  field  o;  tit*'  object  parameter  *  h'* 
is  a  blended  weight  field  (A  ).  The  reciprocals  of  those  weights  provide 


Superior  methods  for  assembling  data  from  diverse  report  ine  systems 
are  available--see  Staged  Assembly  (Section  4.5.*!)  and  Alternating  Parallel 
Analysis  (Section  4.12). 
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...  e!  til  ■  ite  f  the  jnres  lved  (i.e. ,  residu  analy . v< . <  in  the 

object  scale  o:  resolution  at  every  grid  point  in  the  field. 

On  completion  of  the  final  assembly  a  new  assembly  weight  field, 
A  ,  is  produced  for  use  in  the  next  analysis — see  GTSCLIM  and  INITFLD. 


O  UT  P  UT 
& 

PLOT 


A  wide  variety  of  plotted  and  printed  information  may  be 


output  for  such  purposes  as  tuning  evaluation,  quality  control,  and  further 
research  and  development.  Lxamples  of  SST  analyses  are  given  in 
Section  4.13. 


4.12  Alternatin' ;  Par  dial  Analysis 

4.12.1  Introduction 

Remote  sensing  satellite  systems  provide  measurements  of  certain 
atmospheric  and  oceanographic  parameters  which  must  be  combined  with 
in-situ  measurements  to  provide  optimum  analyses  of  these  parameters. 

Major  complications ,  to  the  point  of  being  obstacles  to  the 
operational  exploitation  of  remotely  sensed  data,  include: 

a.  Cloud  contamination  of  the  primary  data  from  those  systems 
which  must  see  cloud-free  views  for  accurate  measurement  of 
objective  atmospheric  and  oceanographic  variabilities;  and 

b.  The  difficulty  of  realizing  and  maintaining  absolute  calibration 
of  the  measures  relative  to  an  object  component  of  variability. 

Both  of  these  problems  must  be  resolved  by  any  analysis  technique 
which  purports  to  utilize  remotely-sensed  data  in  an  effective  manner. 
However  the  first  complication  is  largely  shunned,  primarily  because  of 
difficulty  in  coping  with  measures  of  the  object  parameter  which  are  of 
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incertain  ind  variable)  qu  Lty . 


Analysis  systems  cased  or.  FIB 
methodology  are  inherently  capable  of  coping  with  seer,  complications. 

.he  second  complication  generally  is  approached  by  a  cirect 
method — essentially  that  of  determining  a  mean  difference  between  in-siiu 
observations  and  satellite-derived  data  ar.d  applying  this  mean  difference 
as  a  correction.  This  d.rect  approach  has  m<  t  with  limit*  d  success  b<  ca  is* 
the  error  may  vary  over  the  object  parameter  field  and  with  time— in  effect 
there  is  a  "bias  field"  and  the  remote  sensing  systm  measures  a 

c  : . nation  of  the  bias  field  and  the  object-param*  er  field.  Asst . j 

t..at  the  remote  sensing  systems  are  well  designed—that  in  each  case  the 
mas  tield  is  larger  in  scale  ar.d  smaller  invariance  than  the  resolution  of 
the  satellite  system  —  then  the  FIB  methodology  can  provide  a  capability  for 
completely  divorcing  the  analys.s  from  the  calibration  of  the  remotely 
sensed  data.  The  absolute  resolution  o:  the  analyzed  distribution  may  be 
derived  entirely  :rom  in-situ  measurements — measurements  made  by  many 
instruments  all  independently  calibrated.  A  valuable  by-product  of  each 
analysis  is  the  associated  bias  field. 


The  FIB  capability  to  utilize  remotely  sensed  data  in  an  analysis  in 
a  manner  which  circumvents  calibration  problems  is  termed  "Alternating 
Parallel  Analysis"  (APA).  Two  points  should  be  noted: 

a.  Although  presented  only  in  terms  of  analyses  cl  sea-surface 
temperate,  a  distributions,  the  concepts  are  applicable  to  a 
variety  of  remotely-sensed  environmental  parameters. 

b •  As  yet  APA  has  not  been  fully  formulated,  programmed  and 
utilized  in  a  specific  application  such  as  sea-surface 
temperature  analyses.  A  description  of  APA  is  appropriate 
in  this  publication  primarily  because,  in  due  course,  it  is 
intended  to  utilize  APA  in  the  overall  EOTS  analysis  system. 

In  addition  an  outline  of  APA  further  demonstrates  the  inherent 
information  processing  capabilities  of  FIB. 
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4.12.2  Outline  of  APA 


Consider  three  analyses,  at  time  7-1  ,  r  ,  and  t f-1  ,  which  form 
part  of  an  analysis  sequence.  Depending  on  the  object  parameter  of  the 
analysis  (in  this  caseSST),  analysis  times  may  be  separated  by  periods 
ranging  from  hours  to  days  (or  even  longer  for  the  production  of  climatological 
fields).  As  previously  discussed,  information  is  carried  and  accrued  along 
the  time  axis  from  one  analysis  to  the  next. 

For  SST  analyses,  each  analysis  is  "cycled"  three  times  as  part  of 
the  reevaluation  process.  As  will  be  seen,  the  APA  concept  introduces  a 
requirement  for  three  analyses  at  each  analysis  time,  each  of  these  three 
analyse^  involving  three  analysis  cycles.  This  is  made  clear  by  the 
following  figure: 


/"Analysis  for*' 
time  r  ^ 


Analysis  (T) 

(3  cycles) 

|  Analysis  (?) 

!  (3  cycles) 

Analysis 
(3  cycles) 

— 

carried  along  time  axis  from  7-1  to  7  . 

Analysis  (l) 

(3  cycles) 

l  Analysis  (?) 

(3  cycles) 

Analysis  (?) 

(3  cycles) 

Information  carried  along  time  axis  from  T  to  7+1  . 


Analysis  for 
time  7+1 


Analysis  (T) 

1 

Analysis  (?)  j 

1  Analysis  y 3y 

(3  cycles) 

(3  cycles)  j 

(3  cycles) 
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Figure  16  For  each  analysis  time  (e.g.,  time  7)  the  APA  concept  requires 
three  analyses  each  of  which  is  a  3-cycle  FIB  analysis. 


One  othei  point  should  be  recalled —  that  FIB  iiietfuMOa’gy  c.u. 
represent  the  shape  of  a  field  of  the  object  paianieter  imiopenF-  !y_  e. 
absolute  object  parameter  values.  Those  shape  fields  ate  provided  ; 

fields  of  gradient  and  curvature,  rhe  c<  net .  .  oi  transfet . .  s  . . . 

analyses  tT),  (2)  and  yjT)  for  a  given  analysis  ante  (such  as  analysts  tit...  ~ 
is  tunaamental  to  tuu  A 1  A  ctiptibi  1  i.y  - “t1;. . j . !v  1 .  ...  . . 1 1  s  U'.i . ...  11  \  . 

permits  calibration  probletns  associated  witii  remotely  sensed  data  n  lx 
circumvented . 

The  A  PA  concept  is  shown  schematically  in  l’ig.  17.  The  three 
vertically  aligned  flow  lines,  marked  (a),  (b)  and  (c) ,  carry  information 
.  1 1  orn  j  tne  time  axis  1  rom  one  .1  na  lv  s  is  time  1  o  .  1 .  *  *  nr  -  x t  — — o .  ^ ; .  ,  in...  •  —  1  *  ■ 

For  a  given  analysis  time  (e . g .  ,  time  T),  line  (b)  also  passes  the  an..  '  .  -s- 
resuitant  shape  field  from  analysis  (T)  to^.:'  and  from  analyses  (2)  to 

Line  (a)  carries  a  field  of  assemoloo.  in- situ  estimates  and  tae 
associated  time-decayed  weight  field  trom  analysis  \3j  at  T-i  to  analyse.. 


^f)  and  (T)  at  r.  Line  (e)  carries  similar  intor. nation  for  remotely  sensed 
estimates  from  analysis  (V)  at  t-1  to  analysis  (T)  at  ~  . 

Tor  analysis  time  t  ,  the  resultant  shape  field  from  analysis  ^  y  is 
passed  by  line  (b)  as  input  to  analysis  Tito  enhanced  resultant  shape 

field  from  analysts  (IT)  is  passed  by  line  (b)  as  input  to  analysis(T).  It 
can  be  seen  that,  in  effect,  analyses  (T)  and  (sT)  are  "calibrated"  to  the 
in-situ  reports  whereas  analysis  ("ll)  is  "calibrated"  to  the  remotely  sensed 


estimates.  Clearly  this  A  PA  design  exploits  all  relevant  information 
inherent  in  the  estimates  derived  from  remotely  sensed  data  while  complete- 
circumventing  the  calibration  problems  commonly  associated  with  such 


The  configuration  given  in  Pig.  1  /  is  designed  for  exploitat 
remotely  sensed  estimates  which  are  all  derived  from  one  sensor  s\ 
thus  sharing  bias  characteristics.  The  scheme  can  be  extended 


exploitation  of  sets  of  remote  sensing  estimates — each 
from  one  distinct  sensor  system. 


set  being  derived 


Although  presented  in  terms  of  SST  analyses,  in  principle  APA 
can  be  applied  to  analyses  of  any  object  parameter.  The  generalized 
concepts  of  APA,  when  developed  to  the  point  of  operational  utility,  will 
provide  a  technique  permitting  remotely  sensed  data  to  be  used  in  analyses 
of  atmospheric  and  oceanographic  parameters  without  any  of  the  problems 
associated  with  sensor-calibration  bias  ar.d  drift.  The  only  two 
requirements  are  that  the  sensor  systems  are  well  designed  (i.e.  ,  that  the 
bias  field,  including  drift,  is  of  a  larger  scale  and  smaller  variance  than 
the  resolution  of  the  satellite  system),  and  that  in-situ  measurements  of 


the  object  parameter  also  are  available.  The  Satellite  data  should  not  have 
been  corruptee  by  ineffectual  calibration  adjustments. 


Sea-surface  temperature  is  particularly  suitable 
APA  capability  for  the  following  reasons: 


for  developing  an 


a.  Satellite-derived  and  in-situ  observations  are  readtiy 


available . 


b.  SST  analyses  form  part  of  the  input  to  comprehensive 
atmospheric/oceanographic  prediction  models  and  are  thus 
needed  on  an  operational  basis  by  all  numerical  weather 
analysis  and  forecasting  organizations  such  as  FNWC  and 
NMC . 

c.  SST  is  the  keystone  to  analysis  of  ocean  thermal-structure 
distributions  which  are  of  great  significance  theoretically, 
commercially  (e.g.,  fishing),  and  to  military  planning  and 
operations . 

d.  A  knowledge  of  SST  distributions  is  essential  to  understanding 
air/sea  interaction  processes  and  development  of  air/sea 
interaction  algorithms  (such  as  the  planetary  boundary  layer). 
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c.  SST  distributions  piny  an  important  role  in  determining  weather 
developments  and  climate  variability. 


q .  13  examples  of  Analysed  Fields  o:'  Ron-Snmico  Temperature 

Figures  18  anil  19  show  two  synoptic  analyses  tor  the  Northern 
Hemisphere  on  a  63xi>3  analysis  grid,  polar  stereograph ic  projection,  mo 
times  are  00Z  on  29  May  and  30  May  1979  respectively,  and  the  contour 
interval  is  2 °C.  A  total  of  2689  reports  (ship  and  satellite)  were  available 
tor  the  29  May  analysis  and  2983  were  available  tor  the  30  May  analyst:'. 
(The  number  of  current  reports  varies  but  usually  is  well  in  excess  oi  2600. 
For  example  9458  reports  were  available  tor  the  2/  May  analysis.)  ini 
latest  ice  boundary  is  read  by  the  system  and  shown  by  a  heavy  line,  mis 
can  be  seen  between  Iceland  and  Greenland  (and  elsewhere).  Implications 
of  the  ice  extent  are  assimilated  in  the  analysis. 


Figures  18  and  19  show  variabilities  in  the  SST  field  which  are 
significant  in  the  object  scale  of  resolution — i.e.  ,  an  analysis  grid  of 
63XH3  covering  the  Northern  Hemisphere.  The  California  Current  and  Cult 
Stream  are  readily  apparent  as  larger-scale  features  of  the  hemispheric 
SST  field. 

FNWC  also  produces  fine-mesh  synoptic  SST  analyses  for  a  number 
o;  sub-regions.  Figure  20  shows  an  analysis  tor  the  Gulf  Stream  (producea 
every  24  hours)  at  12Z,  29  May  1979,  again  on  a  63x63  analysis  grid, 
polar  stereographic  projection,  but  with  a  mesh  sine  equal  to  one-eighth  of 
that  used  in  the  Northern  Hemisphere  analyses.  The  contour  interval  in 
Fig.  20  is  1°C.  The  number  of  reports  used  in  the  analysis  was  294.  For 
fine-mesh  analyses  such  as  that  shown  in  Fig.  20,  both  ship  and  satellite 
reports  are  plotted--value  in  c  C  at  the  appropriate  location.  Reports  plotted 
as  white-on-black  have  been  rejected  by  the  analysis  system. 
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rumre  20  again  shows  variabilities  in  the  SST  field  which  are 
significant  at  the  object  scale  of  resolution,  however  the  object  scale 
o;  resolution  for  Fig.  20  is  64  times  greater  than  that  for  Figs.  18  and  1  &, 
As  a  consequence  the  fine-mesh  Gulf  Stream  analysis  shows  far  greater 

detaii  than  £hG  analysis  for  the  same  region  provided  by  the  hemispheric 
analyses.  Note  that  this  greater  detail  is  due  to  the  change  in  oojec: 
scale  of  resolution.  1 


I'hese  analyses  graphically  illustrate  many  of  the  points  raised 
2  (and  elsewhere)  concerning  the  worth  (or  reliability)  of 


m 


bectio:  .  . . . . .  . . 

i  d  measures 

value  of  an  environmental  parameter  as  an  estimate  of  the  representative 

w‘  °^OCl’  or  resolution.  Clearly  observations  which  enable 

a  significant  feature  to  be  resolved  in  Fig.  20— say  the  cold  gyre  evident 
tn  tne  vicinity  of  41°N;68° W— are  less  valuable  estimates  of  SST  in  the 
context  of  a  coarse-scale  hemispheric  analysis.  In  fact,  because  the  gyre 
is  not  recognized  as  a  significant  feature  in  Figs.  IS  and  IS,  these 
observations  would  be  considered  as  (partially)  in  error  and  their  weigh: 
appropriately  reduced  during  the  reevaluation  process.2  Both  analyses  are 
correct"  in  the  sense  that  they  produce  the  best  SST  field  from  the  total 
information  available  but  what  is  "best"  depends  or.  the  object  scale  of 
analysis  resolution. 


Current  reports  used  in  the  Gulf  Stream  analysis  also  contributed 
to  one  or  other  of  the  hemispheric  analyses. 

20  . 

See  footnote  1  on  page  21. 
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5.  THE  DEFINITION  Or  OCEAN  THERMAL-STRUCTURE  PARAMETERS 

AND  THEIR  ANALYSIS  IN  SPACE  AND  TIME 

5 . 1  Introduction 

Section  4  describes  the  analysis  of  SST  distributions  based  on  the 
FIB  analysis  methodology.  Clearly  the  concepts  and  formulations  developed 
are  not  only  applicable  to  the  temperature  at_  the  sea  surface;  they  could 
be  applied  to  the  analysis  of  temperature  at  any  depth.  This  depth  need 
not  even  be  constant  over  the  analysis  region.  For  example  temperature 
analysis  could  be  carried  out  on  a  surface  defined  locally,  say,  by  the 
depth  of  the  seasonal  thermocline. 

In  order  to  encompass  the  added  dimension  of  depth  the  information 
available  from  temperature  profiles  provided  by  BT  reports  and  other  sources 
must  be  utilized  appropriately.  However,  as  explained  in  Section  5.4,  a 
simple  analysis  of  ocean  thermal-structure  based  entirely  on  independent 
horizontal  (or  quasi-horizontal)  temperature  analyses  at  various  depths  is 
entirely  inadequate  for  realistically  determining  representative  values  of 
ocean  temperature  in  space  and  time. 

The  procedure  adopted  is  to  parameterize  the  vertical  profile  in  terms 
of  a  set  of  "ocean  thermal-structure  parameters".  The  parameters  used  for 
this  purpose,  defined  in  Section  5.4,  have  been  chosen  to  capture  significant 
temperature  variations  in  the  vertical  structure  while  having  sufficient 
continuity  to  be  amenable  to  horizontal  (and  independent)  analysis.  The 
analysis  system  described  in  Section  4,  with  adjustable  constants  set  to 
suit  the  characteristics  of  individual  parameters,  is  used  to  analyze  each 
of  these  thermal-structure  parameters .  1  Having  completed  analysis  of 
each  thermal-structure  parameter  (which  includes  continuity  along  the  time 

*The  analysis  system  described  in  Section  4  is,  in  fact,  a  general- 
purpose  system  capable  of  application  to  a  wide  variety  of  ocean  parameters. 
For  example,  appropriately  modified,  it  is  used  to  analyze  significant  wave- 
height  distributions. 
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axis),  vertical  blendin  ,  described  in  Sectio . 7,  compl<  tes  the  syn  . 

analysis  rocess.  rhe  overall  resultant  is  the  best  est . it<  >  t  repn  s<  ...  . 

temperature  in  tine  space-and-time  object  scuic  of  resolution  that  is  avui.ub.e 
from  the  total  available  information. 

The  FIB  concepts  and  formulations  presented  in  this  bection  are 
oriented  primarily  toward  the  production  of  EO'i'S  analyses  in  an  op«. rational 
time-frame.  However  the  LOTS  system  is  ab*e  to  cope  with  any  quantify  e 
input  data  (subject  to  computer  resource  limitations)  and  can  be  usee  n 
produce  climatologies  and  historical  sequences  from  appropriate  da  .a  bases 
(see  Section  7). 


5.2  Current  Information  for  Analysis 

In  general,  for  any  analysis  time  <  ,  raw  data  for  the  analysis 
is  available  from  the  following  sources: 


a.  BT  reports  of  all  types. 


b.  SST  reports  from  ships  and  buoys. 


c.  SST  data  from  satellites. 


To  encompass  the  vertical  dimension  tne  information  available  from 
temperature  profiles  provided  by  BT  reports  must  be  utilized  apptopriatc.y  . 
However,  as  will  be  seen,  the  vertical  blending  process  propagates 


information  from  the  surface  to  sub-surface  regions. 


In  other  words  BT 


reports  are  not  the  sole  source  of  information  contributing  to  a  knowledge 
of  sub-surface  thermal  structure. 


In  the  real-time  production  of  ocean  thermal-structure  analyses 
certain  types  of  data — such  as  Nansen  casts--are  not  available;  these  may 
bo  included  in  the  production  of  historical  sequences  and  climatologies. 


i 

i 


t 
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A  BT  obser/ation  provides  a  continuous  trace  of  temperature  vs. 
depth  from  the  sea-surface  to  the  maximum  depth  achieved  by  the 
sounding.  In  the  case  of  XBTs  this  depth  is  generally  about  400-450 
meters.  Due  to  the  response  time  of  the  instrument  as  it  drops  the  trace 
obtained  actually  shows  a  smoothed  representation  of  the  true  vertical 
temperature  variability.  However  it  may  be  assumed  that  these  fine- 
structure  variabilities  are  not  significant  in  the  context  of  s<.  md  propagation 
conditions.  An  additional  loss  of  variance  is  caused  by  the  translation  of  a 
BT  observation  to  a  BT  report.  The  observer  subjectively  interprets  the 
trace  in  terms  of  a  variable  number  of  paireo  values  of  temperature  and 
lepth  commencing  with  the  temperature  at  zero  depth — i.e. ,  the  SST. 

These  paired  values  provrde  the  BT  report.  The  number  of  paired  values 
used  to  represent  the  BT  observation  depends  on  the  complexity  of  the 
trace,  the  skill  of  the  observer  in  recognizing  significant  features,  and 
the  effort  he  is  willing  to  expend  in  encoding  these  features.* 

A  module  of  the  HOTS  system  accepts  each  BT  report  available  for 
an  analysis.  The  reports  are  first  checked  and  corrected  for  duplicate 
levels  and  obvious  single-level  reporting  errors.  The  BT  is  then 
converted  to  meters  and  °C  and  the  temperature  linearly  interpolated  at 
every  2.5  meters  from  the  surface  to  450  meters  (or  to  the  greatest  depth 
reported  if  the  BT  did  not  reach  this  depth).  Thus,  in  the  EOTS  analysis 
system,  each  3T  report  is  represented  by  up  to  181  values  of  temperature 
separated  in  depth  by  increments  of  2 . 5  meters  . 


An  increasing  number  of  BT  observations  are  being  interpreted 
automatically.  In  such  cases  over  100  depth :temperature  values  are  not 
uncommon. 
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distributions  in  the  ocean  is  to  define  an  appropriate  nur.  oer  or  fixer; 

I  — say  about  twenty  (four  such  level.-  are  shown  ...  ...  .  •,  .  .  .. 

analysis  time  ~rn  the  temperatures  at  these  axed  levels  would  be  selected 
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At  the  surface  additional  information  is  available  —  the  SST  reports  from 
shii  .  and  satellites.  Horizontal  analysi  f<  r  <  ich  <  |  these  fixed  1  vi 
may  tnen  be  carried  out  using  the  methods  and  formulations  presented  at 
Section  4.  Once  all  horizontal  analyses  have  been  completed  a  temperature 
profile  a.  any  grid  point  ot  me  analysis  grid  could  bo  constructed  from  m.o 
.  responding  values  extracted  from  . . . .  -  horizonta lly  analyzed  fields . 
Appropriate  interpolation  schemes  would  do:. no  the  space-time  continuum. 

rhis ,  oi  course*  is  not  a  realistic  ...  proach.  rhe  horizontal  lev<  Is 
have  been  analyzed  independently  of  one  another;  no  information  has  oeer. 
exchanged  vertically.  For  example  suppose  that  the  available  SST 
information  revealed  an  anomalous  cold  gyre  in  a  certain  region  but 
that  no  BT  observations  had  been  made  in  tills  region  for  some  time.  The 
cold  gyre  would  not  be  shown  by  sub-surface  analyses.  If  the  first 
sub-surrace  level  were,  say,  25  meters,  then  the  reconstructed  profile 
would  show  a  completely  fictitious  positive  temperature  gradient  between 
the  surface  and  25  meters.  Clearly  the  25-meter  analysis  (and  analyses  at 
greater  depths)  should  be  adjusted  to  reflec.  the  cold  gyre  revealed  bv  SST 
information.  To  do  this  an  appropriate  method  for  the  vertical  exchange  of 
information  is  required. 

Before  defining  such  a  method  other  drawbacks  to  the  elementary 
approach  should  be  considered.  An  important  reason  for  performing  ocean 
thermal-structure  analyses  is  to  determine  sound  propagation  conditions. 
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In  this  context  sound  speed  gradients  (directly  related  to  temperature 
gradients)  are  more  significant  than  absolute  values  of  sound  speed  (or 
temperature).  In  other  words  it  is  the  s n.ioe  of  the  profile  which  is  the 


over-riding  consideration.  This  immediately  suggests  that  the  analysis 
of  gradient  fields  (i.e.  ,  the  vertical  temperature  difference  between  two 
levels),  in  addition  to  temperature  analyses,  is  a  necessary  feature  of  a 
realistic  ocean  thermal-structure  analysis  system. 


The  elementary  approach  suggested  a  specified  number  of  fixed 
levels  tor  the  horizontal  analysis  of  temperature.  This  can  have  serious 
consequences  in  the  realistic  representation  of  vertical  temperature 
gradients.  Figure  21c  shows  the  smoothed  profile  that  results  from  using 
fixed  levels  which ,  in  terms  of  vertical  separation,  fail  to  resolve  the 
significant  variabilities  of  the  reported  profile.  This  failure  is  particular 


important  in  regions  of  strong  negative  curvature  such  as 
Principal  Layer  Depth  (PLD) .  * 


In  summary,  a  simple  approach  based  on  horizo: 
analyses  at  fixed  levels  is  inadequate  because: 


emperature 


a.  Information  is  not  spread  betwe 


b.  The  shape  of  the  profile  is  not  considered 


c.  Unless  a  very  large  number  of  fixed  levels  are  utilized 
(precluded  by  currently  available  computer  resources), 
features  of  the  profile  which  are  particularly  significant  to 
sound  propagation  are  unrealistically  modified. 


PLD  is  a  depth  at  which  the  rate  of  change  of  temperature  with 
depth  becomes  markedly  more  negative;  a  more  precise  definition  is  given 
later  in  this  Section.  The  term  "curvature"  is  used  to  denote  a  second 
difference  of  the  temperature  profile  with  depth  rather  than  the  radius  of 
curvature. 


Figure  21  Features  of  a  typical  BT  are  named  to  the  right,  (a)  shows  a  3T 
observation,  (b)  shows  a  BT  report  based  on  this  observation. 

(c)  shows  the  profile  that  would  result  from  selecting  temperatures 
at  20-meter  intervals  from  (b).  Comparison  of  (a)  or  (b)  with  (c) 
shows  the  smoothing  effect  that  arises  from  the  use  of  fixed 
levels — temperature  differences  are  spread  over  a  greater  depth 
range  and  hence  gradient  magnitudes  are  modified. 
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On  page  Jo  it  is  statee.  that  "In  many  eases  variations  in  the 
vertical  dimension. .  .can  be  better  represented  by  •>  set  oi  pa  rat 
which  correspond  to  a  modelling  of  significant  degree:;  oi  proiilc 

x . .  —  ••  ““ ■  than  by  a  set  of  levels . "  l'his  concept,  comb . . 

d'.o  capabilities  provided  by  FIB,  enables  in  . ns  ta)  and  (b)  above  to  be 
overcome  and  item  ic)  to  be  minimized. 

The  COTS  system  uses  up  to  2b  "thermal-structure  parameters"  n 
represent  a  BT  profile  from  the  surface  to  400  meters,  the  same  number  o 
parameters  being  used  for  all  profiles  in  a  given  analysis.  Hume 
parameters  are  measures  of  profile  temperature,  "gradient"  o.e., 
di. teience)  and  'curvature"  (i.e.,  second  du.eronee). 

1'or  sound  propagation  purposes  the  most  ss.m.icuiu  feature  e: 
profile  is  the  Primary  Layer  Depth.  Consider  a  reported  profile  such  as 

' “l •  shown  in  I  .  21b.  Associated  wi . is  profile  there  is  a  list  . , 

an  array)  of  linearly-interpolated  temperatures  at  intervals  o;  2.0 
(Section  5.3).  For  every  reported  depth,  the  neares t-in-depth  2. 5-mete, 
temperature,  ,  is  consulted  and  the  following  guantity  4'  calculated: 


v  .  =  2T 
d  *• 


\  d-25  '  '  25 


where  l’d_25  and  t refer  to  the  interpolated  temperature  25  meters 
above  and  below  the  depth  d  .  If  T  extends  above  the  surface  then 
h-25  *s  sc^  cc*ual  1  q  <  the  sea-surface  temperature. 

Using  all  reported  depths  the  maximum  value  of  ‘1’  is  :ound;  this 
piovides  a  PLD  candidate"  .  The  procedure  is  repeated  to  find  the  next 
largest  value  of  4>  ,  and  so  on.  Each  profile,  with  certain  exceptions 
which  are  discussed  later,  provides  up  to  nine  PLD  candidates.  1  Assoeta; 


.'he  search  of  a  profile  tor  PLD  candidates  ceases  when  eith<  .  the 
number  of  candidates,  arranged  in  order  of  decreasing  4’  reaches  nine  c 
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.'he  ocoa 

,»*  tnerma  1-structare  parameters 

Para  mo  ter 

Parameter 

\  umber 

Name 

Doseri  p;  ion 

I 

PLD 

Primary  Layer  Depth  (m) 

O 

TV  00 

tpld  <°c> 

n 

*> 

GVM1 

TPLD  "  1PLD-25m 

4 

GV00 

1  PLD  r  12. 5m  “  1  PLD 

5 

C.VP1 

nr*  _  n* 

PLD+25m  1 PLD+12 . 5m 

6 

GVP2 

1  PLD  r  50m  "  1  PLD *2 5m 

7  (c) 

cvoo 

T  -  2T  +  T 

PLD+12 . 5m  PLD  PLD- 

S  (c) 

CVP1 

1  PLD+25m  "  2iPLD.  12.5m  "  1 

Table  1  (continued) 


20 

G075 

T100m 

-  T 

75m 

0 . 6 

21 

G100 

ri25m 

”  1 100m 

0.3 

22 

G125 

T150m 

"  T125m 

CO 

o 

23 

G150 

1200m 

”  1 150m 

0 . 4 

24 

G200 

T250m 

“  T200m 

0.4 

25 

G250 

r300m 

"  T250m 

0.3 

26 

G300 

^400m 

~  1 300m 

0.3 

NOTE:  All  units  correspond  to  those  of  the  object  data.  For  example,  the 
G300  value  of  0.3  is  in  units  of  °C  per  100m  (300-400m),  whereas 
GVM1  is  in  units  of  °C/25m.  Certain  parameters  normally  are  not 
used  in  routine  synoptic  analyses;  these  are  shown  by  (c)  against 
the  parameter  number. 


do  not  remain  constant;  they  are  modified  in  each  synoptic  analysis  by  the 
vertical  blending  process  which  spreads  information  from  upper  levels  of  the 
ocean  to  depths  below  400  meters.  If  the  vertical  blending  process  did  not 
extend  beyond  400  meters  (i.e.,  if  the  deep  climatological  values  merely 
were  "added  on"  to  the  analyzed  upper  levels)  there  would  be  a  discontinuity 
in  the  profile  when  passing  the  400-meter  level.  Clearly,  climatological 
values  near  400  meters  will  be  modified  to  a  greater  extent  than  values  at 
greater  depths.  Using  synoptically-modified  climatological  values  below 
400  meters  is  a  reasonable  and  necessary  procedure  since,  at  great  depths, 
significant  changes  are  not  likely  to  occur  in  a  synoptic  time-frame  and 
neither  is  synoptic  data  available  to  reveal  any  such  changes  that  might 
occur. 
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To  summarir.o,  each  hi'  report  may  he  rep: cheated  by  twi  . 

thermal  structure  parameter:;  o.  which  on....  p:,e  .  looting  p..ui;..e;e;  •  >; 

devoted  to  a  tine— rcsolu.  on  representation  c;  a  h,.C  soieoied  iiom  a  ... 
of  up  to  nine  possible  candidates.  The  rei.ia .nine  parameters  are  ... 
levels.  Since  acoustic  propnoution  depends  ..  ;i  eradients  of  temperaturi 
rather  than  absolute  values,  the  paromotorinaiion  ptwess  is  designed  to 
highlight  vertical  shaping  characteristics  —  gradients  and  curvet ares  . 

In  the  production  of  synoptic  POTS  analyses  in  an  ope: a:  ioi.al 
context  the  full  set  of  twenty-six  parameters  generally  is  not  used,  : ia 
parameters  indicated  by  (c)  against  the  parameter  number  in  fable  1  :  < 
omitted .  lire  lull  set  normally  is  usee,  only  tor  ine  production  o.  oc,  .at 
thermal-structure  climatologies .  However,  for  die  time  being,  i;  is- 
convenient  to  describe  profile  paramoteriuat ion  and  analysis  in  terms  ei 
the  full  sot. 

5.5  Anah’s i-i  of  tin'  l'ixcd-:.evcl  Parameters 

As  can  be  seen  the  profile  parameter!. union  process  provides  die 
temperature  at  eight  fixed  levels  (parameter  nos .  9  ■*  la).  Parameter  no.  ■ 
is  the  sea-surface  temperature,  the  analysis  of  which  was  eiiseussea  a 
some  detail  in  Section  4. 

Current  data  available  for  the  analysis  of  parameter  no.  9 
provided  by  ship  and  satellite  observations  in  addition  to  the  surface 
reading  from  BTs .  The  hO'i’S  analysis  of  tins  parameter  initially  is  earned, 
out  exactly  as  described  in  Section  -1  with  one  significant  exception,  the 
object-parameter  PIF,  T*  ,  was  produced  in  accordance  with  he,.  t5S). 

'tIio  EOTS  system  actually  analyr.es  the  floating  levels  first. 
However  it  is  more  convenient  to  commence  with  a  discussion  of  the  analy 
of  fixed-level  parameters. 


The  inherent  information  in  T*  then  was  partitioned  in  terms  of  componen 
information  fields  to  provide  the  seven  shape  PIFS  defined  in  Eqs.  (59) 
through  (65).  Note  that  T*  (and  hence  the  shape  PIFS)  contains  only 
information  derived  from  surface  observations.  In  general  however,  an 
SOTS  analysis  for  a  given  time  exchanges  information  vertically  as  well 
as  horizontally — a  double-blending  process  is  involved. 


Using  the  thermal-structure  parameter  names  given  in  Table  1  (e.g.  , 
SST  for  parameter  no.  9  rather  than  T  as  before)  the  previous  EOTS  analysis 
at  time  T-l  provides  the  doubly-blended  field  SST*^  .  Using  Eq.  (58), 
this  is  carried  forward  along  the  time  axis  to  time  t  to  provide  the  PIF 

k 

SSTq  .  The  information  is  partitioned  to  provide  the  shape  PIFS — Eqs.  (59) 

through  (65).  Eq.  (66)  provides  the  assembly  field  SST„  which  is  combined 

u 

with  the  object-parameter  PIF  in  the  same  manner  (and  for  the  same  reasons) 
as  presented  in  Section  4.5.1.  Following  assembly  of  current  SST  data,  a 
horizontal-only  analysis  provides  SST*  .  (SST*  wiil  be  modified  during 
vertical  blending  to  provide  SST**;  this  is  discussed  later.) 


Using  current  data  provided  by  BT  reports,  a  similar  procedure  may 
be  followed  to  provide  the  horizontally-analyzed  fields  for  parameter  nos. 
10  through  16 — i.e.,  T025*  ,  T050*  ,  ...  T400*  .  Various  adjustable 

T  T  i 

constants  and  tuning  parameters  have  to  be  appropriately  set  to  reflect 
the  characteristics  of  each  thermal-structure  parameter,  but  the  underlying 
principles  and  procedures  are  the  same. 


Parameter  nos.  17  through  26  are  estimates  of  temperature  profile 
gradient.  Thus  from  Fig.  22  and  Table  1  it  can  be  seen  that  parameter  no. 
17  is  the  difference  in  temperature  between  25  meters  and  the  surface  and 
therefore  represents  the  mean  temperature  gradient  over  the  first  25  meters 
of  the  profile.  By  convention  gradient  names  are  referred  to  the  upper  of 
the  two  levels;  thus  parameter  no.  17  is  denoted  by  G000  (Table  1). 
Similarly  parameter  no.  23  is  the  mean  gradient  between  150  and  200  meters 
and  is  denoted  by  G150. 


Analysis  of  these  10  gradient  parameters  is  no  different  in  principle 
to  the  analysis  of  temperature.  Tor  any  particular  gradient  parameter  the 
previous  analysis  provides  PITS  for  the  shape  fields  arid  the  assembly  field. 
New  information  for  an  analysis  is  provided  by  gradient  estimates  extracted 
from  the  2.5  meter  interpolated  temperature  array  for  each,  available  B'i'  . 

This  information  is  assembled  using  the  methods  given  in  Section  ‘1.  A 
three-cycle  FIB  analysis  then  provides  the  analyzed  fields  for  each  gradicn; 
parameter. 

On  completion  of  the  TIB  analyses  for  the  fixed-level  parameters 
(nos.  9  through  26)  it  can  be  seen  that  we  end  up  with  18  horizontally- 
analyzed  fields  of  which  8  are  temperature  fields  and  10  are  gradient  fields. 
Clearly  at  every  grid  point  we  have  a  linear  array  as  follows: 


}epth 

Object  P 

a  ra  meter 

inters) 

(Tempera 

lure,  C) 

First 

difference 

Value 

Weight* 

Value 

Weight 

0 

_ 

SST 

ASST 

G  0  0  0  * 

B000 

25 

T025* 

A025 

G025* 

B025 

50 

T050* 

A0  50 

G  0  5  0  * 

B0  50 

75 

— 

— 

G  0  7  5  * 

B0  75 

★ 

A- 

100 

T100 

A100 

G100 

B100 

125 

— 

— 

G 1 2  5  * 

B 125 

150 

T 150* 

A150 

G150* 

B150 

200 

T200* 

A200 

G200* 

B200 

250 

— 

— 

G250* 

B250 

300 

T300* 

A3  00 

G300* 

B3  00 

400 

T400* 

MOO 

See  note  b.  below. 


The  similarity  between  these  two  puirs  of  weighted  information 
fields  and  those  given  early  in  Section  3.5.1  is  immediately  apparent. 

s .  an  error  lunc.ional  similar  to  .  (o.)  vertica  1  bit  at  evi  ry  .  • 

point  of  the  horizontal  array  could  be  carried  out.  This  would  provide  a 

3- dimensional  analysis;  a  sequence  of  suer  3-D  analyses  constitutes  a 

4- dimensional  analysis.  However  the  scheme  outlined  above  has 
encompassed  only  the  fixed-level  parameters;  the  high-resolution 
representation  of  the  PLD  has  yet  to  be  analyzed  and  assimilated  into  the 
analysis  of  ocean  thermal  structure.  This  is  described  in  the  following 
Sections . 

With  regard  to  fixed- level  analysis  the  following  points  may  be 

noted: 

a.  The  values  of  the  object  parameter  and  gradient  fields  shown 
in  the  above  array — e.g.,  T025*  or  G050* — are  the  resultant 
of  horizontal  analysis  and  thus  only  have  a  single  "*". 

b.  The  weights  shown  (e.g. ,  A025  or  3050)  are  not  to  be  confused 
with  the  starred  resultants  of  the  horizontal  analyses  of  the 
associated  parameters.  They  represent  a  partitioning  of 
information.  The  horizontally  analyzed  parameters  do  not 
represent  fully  independent  information;  they  are  derived  from 

a  common  set  of  BT  soundings.  The  information  partitioning 
weights  are  assigned1  in  proportion  to  the  adjudged  significance 
of  the  parameters  in  the  profile  blending  context.  The  sea- 
surface  temperature  value,  generally  having  the  greatest 
information  content,  is  given  the  largest  weight.  The  vertical 
blending  process  gradually  propagates  this  information  downward. 


A  weight-specification  table  for  vertical  blending  is  given  and 
discussed  in  Section  5.7. 


Xote  a  iso  the  evolving  complexity  o:  the  COTS  analysis  system--as 
so  far  described  we  require  a  3-cycle  FIB  analysis  similar  to  that  discuss*,  h 
in  Section  4  to  be  carried  out  18  times,  resetting  adjustable  constants  and 
tuning  parameters  for  each  thermal-structure  parameter. 


5.  v  FLO  Selection  and  Analysis  of  the  Float::'.  -Level  Faran.et. -rs 

As  described  in  Section  5.4,  each  .  pi  file  provides  up  tc  nine 
.  ...  ■  candidates.  Associated  with  each  candidate  there  is  a  s<  to  * 
thermal— structure  parameters — see  Fig.  22  an  .  rable  .  ...  .; 

these  eignt  parameters  is  to  provide  fine-resolution  of  that  feature  vf  the 
pi  of  ile  which ,  in  the  upper  levels  of  the  ocean,  is  most  significant  to 
sound  propagation,  ihe  appropriate  PLD  candidate  must  be  selected.  The 
following  points  may  be  noted: 

a.  ihe  PLD  candidates  which  are  not  chosen  for  fine-resolution 
representation  are  not  disregarded--they  will  be  resolved  to 
the  extent  provided  by  the  fixed-level  parameters; 

b.  The  candidates  from  each  profile  are  chosen  in  descending  order 
of  where  0 ,  defined  in  Eq.  (77),  is  the  difference  between 
the  mean  gradient  25  meters  above  and  25  meters  below  the 
reported  level  being  considered.  This  procedure  for  selecting 
the  PLD  candidates  from  each  protile  ensures  that  a  balance  is 
struck  between  strong  temperature  gradients  which  extend  over 
only  a  limited  depth  range  and  weaker  gradients  which  extend 
over  a  greater  depth  range. 

Why  select  nine  candidates?  Why  not  choose  that  value  of  PLD  for 
wnich  $  is  greatest?  Figure  23  shows  a  series  of  profiles  (°C  vs.  depth 
in  meters).  The  abscissa  also  is  used  to  represent  either  distance  (in  which 
case  the  series  is  for  a  particular  analysis  time  with  the  separation  between 
protiles  being,  say,  one  or  two  grid-lengths)  or  time  (in  which  case  the  series 


fn-pL i  (motors) 


Figure  23  A  series  of  BT  reports  for  distance  or  time.  Values  of  §  in  accordance 
with  Eq,  (77)  are  as  follows: 


$  (upper)  -  -  1.0  2.0  2.0  1.0  -  1.0  2.0  2.0  3.0  2.0  3.0 
$  (lower)  4.0  3.6  2.5  1.7  3.0  3.0  3.3  2.0  2.0  2.0  2.0  1.7  0.8 


(Internal  waves  and  other  sub-scale  variances  are  not  included 
idealized  schematic.) 
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is  for  a  particular  grid  point  in  space  with  the  separation  between  profiles 
being  equal  to  the  analysis  increment).  Values  of  ‘i>  also  are  shown.  To 
simplify  matters  each  profile  provides  only  one  or  two  PLD  candidates.  The 
problem  is  to  define  an  algorithm  for  choosing  from  each  profile  that  PLD 
candidate  which  it  is  most  appropriate  to  represent  by  the  fine-resolution 
floating-level  parameter. 

For  profiles  (uj  and  (b)  the  choice  is  obvious.  For  profiles  (c)  through 
(f)  the  choice  is  between  an  upper  PLD  and  a  lower  PLD  where,  apart 
from  profile  (d) ,  the  lower  PLD  is  stronger  (in  terms  of  $)  than  the  upper.  If 
the  choice  is  based  purely  on  the  magnitude  of  0  then,  depending  on  whether 
the  abscissa  represents  time  or  distance,  the  selected  PLD  v/ould  jump 
from  65  meters  to  15  meters  then  to  80  meters  over  two  grid-spacings  or 
over  two  analysis  increments  respectively.  Such  variabilities  in  space  and 
time  are  not  realistic.  For  example  mid-way  between  the  two  points  in 
space  or  time  with  PLDs  of  15  and  80  meters  respectively,  an  interpolation 
scheme  would  indicate  a  PLD  of  about  48  meters;  none  of  the  profiles 
Indicate  that  this  is  a  representative  value.  Cleariy  the  choice  of  PLD 
cannot  be  based  on  the  magnitude  of  $  .  Space-and-time  continuity  in  the 
object  scale  of  resolution  must  be  provided. 

Considering  now  profiles  (g)  through  (m) ,  the  profiles  are  intended 
to  show  an  initially  weak,  but  intensifying  thermocline  overlying  an  initially 
strong  but  eroding  thermocline.  Such  occurrences  are  common  in  many  areas 
with  the  onset  of  spring.  The  problem  is  obvious — when  (or  where)  to 
transfer  the  fine-resolution  set  of  parameters  available  for  representing  the 
chosen  PLD  from  the  lower  PLD  to  the  upper  PLD. 

The  algorithm  for  PLD  selection  encompasses  the  following  steps 
for  analysis  time  T  : 
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;  1  "  '  bserved  durin  i  specified  i . t  lays  : . 

'  analysis  clm<  ‘  ms  Pec  ....  th<  i . . d< .  t . ed 

by  any  pronle  does  not  exceed  ti.e  local  value  of  PLD  resuh.r... 
from  the  analysis  at  time  7-1  by  at  least  10  meters  then  that 
profile  does  not  enter  intc  . . ilectic  n  for  analysis  time  r  . 

b’  M1  PLD  . .  -  Per  pr  file  fr  r . e  ren . 

'  fil€ s  are  used  in  "  -  - . v  3 -cycle  FIB  analys ..  (see 

'  '  -  4  •  '  be  appr  v...  .  .  th  ..  this  is . na lysis  of 

a  — •ll?‘a  rather  tr.an  an  analysis  of  a  temperature  or 

temperature-gr . ent  fiel .  for  parameter  numbers  9  throu  h 

26‘  however,  alth  lg  . u .  constants  and  tunin 

parameters  must  be  set  to  reflect  die  characteristics  of  the 
PLD  Parameter.  the  concepts  underlying  the  analysis  process 

are  '■  '  .  •  ■  :  ^  . v  analysis  . . ved 

trom  the  PLD  analysis-resultant  a:  time  r-1  in  the  usual  manner 
including  an  adjustment  toward  the  predicted  climatological 
value  for  time  7  . 

'•  Havin9  completed  this  preliminary  PLD  analysis,  all  PLD 
candidates  from  the  profiles  to  be  used  in  the  analysis  for 
time  7  are  inspected  and  one  candidate  set  from  each  profile 
ts  selected.  The  set  ch  s<  n  fr  m  each  profile  is  th  it 
whose  PLD  value  is  closest  to  the  value  provided  by  the 
preliminary  analysis  at  the  same  location.  Selection  is 
independent  oi  the  mcicnicuce  0  . 


1.. 


Normally  5  days  o:  data  are  used.  For  some  applications  the  data 
period  may  be  varied,  depending  on  the  expected  degree  of  PLD  persistence 
ne  User  does  not_speci:y  the  maximum  age  of  data  to  be  used  the  analysi 
PiOgram  oetaults  to  5  days. 
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This  algorithm  ensures  reasonable  continuity  in  :;p>u'o  and  lima  hu. 
also  allow:;  transfer  of  the  set  of  parameters  used  for  fino-resolut  a  n  of 
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another.  1'his  traiislcr  occur:;  when  (and  oi  waoro)  tla1  aecumu  Lit  in.: 
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choice  of  l’LP  trom  the  candidates  provided  'ey  eaeli  ptotiie. 
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analysis  whose  times  of  observation  do  not  precede  that  01  the  tv.rl.e:.; 
possible  profile  used  in  the  preliminary  analysis.  This  ensures  that  all 
profiles  used  in  the  preliminary  analysis  also  are  used  in  the  tinal 
analysis  tor  time  r  unless  they  have  been  usee,  in  the  final  analysis  for 
T~l»  (i’rotiles  should  not  be  used  directly  in  more  than  one  final  analysis 
It  thi'  period  used  in  the  preliminary  analysis  is.  less  than  the  period  sine 
the  previous  synoptic  analysis,  then  protiles  from  which  sinale  PLP  value; 
aii'  i'll. is eit  for  tin'  tinal  synopt  io  analys.is  at  limo  T  are  those  profiles 
received  during  the  period  covered  by  the  preliminary  PLP  analysis, 
irrespective  of  their  times  of  observation.  In  all  eases  the  maximum  depth 
reached  by  the  LT  must  exceed  the  local  value  01  I'Ll''  resultm.:  item  tin' 
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'-i  synoptic  analysis  by  at  least  10  mulcts;  B'l's  not  satisfying  this 
requirement  are  not  utilized  by  the  T  analysis,  althouch,  of  course,  tin  '/ 
may  enter  into  the  ft  l  analysis  if  the  local  PLD  resultant  field  for  time  T 
decreases  sufficiently  in  depth. 

Having  completed  file  second  PLD  analysis,  parameter  no.  2,  the 
temperature  at  the  PLD,  is  analyzed.  The  temperatures  used  in  the  analysi 
ate  those  corresponding  to  the  single  PLD  cnnctideie  selected  from  each.  .if 
profile.  Analysis  of  the  four  gradient-fields,  parameter  nos.  3  through  u 
and  the  two  curvature  fields,  parameter  nos.  7  and  S  (see  Fig.  22  und 
lable  1)  then  follows.  As  in  the  case  of  the  PLD  temperature,  these 
floating  parameter  values  are  drawn  from  that  BT-diagnosed  set 
corresponding  to  the  selected  PLD  candidate  —  in  effect  the  floating 
structur c  is  moved  to  the  analyzed  local  PLD  level,  thus  removing  sub¬ 
scale  internal  waves  to  some  degree.  Note  that  parameters  4  and  5  are 
measures  of  the  mean  gradient  over  two  12.5-meter  intervals  immediate.', 
below  the  PLD;  these  parameters  provide  extra  resolution  of  the  sin. no  of 
the  protile  in  a  region  of  particular  significance  to  sound  propagation. 

5 . 7  Vertical  Blending 

io  summarize  the  analysis  procedure  so  far,  we  have  produced 
analyzed  fields  of  the  twenty-six  ocean  thermal-structure  parameters  for 
analysis  time  r  .  Of  these,  eighteen  are  fixed-level  parameters  and  end.: 
are  floating-level  parameters  which  provide  fine-resolution  of  the  PLD. 

Consider  any  arbitrary  grid-point  i  ,r  ,T  .  Values  for  all  twenty- six 
parameters  at  this  location  in  space  and  time  are  provided  by  the  analyzed 
lields.  Essentially  the  process  of  vertical  blending  recombines  these 
thermal -structure  parameters  to  provide  the  best  available  estimate  of  the 
representative  profile  in  the  object-scale  of  resolution  at  ,T;  vertical 
blending  completes  the  analysis  process. 

As  noted  previously,  certain  thermal-strucLurc  parameters  are  not 
analyzed  in  the  normal  course  of  operational  synoptic  analysis  sequences. 
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The  "synoptic  set"  is  made  up  of  those  parameters  not  marked  'ey  (c)  in 
t a o  1  e  1  •  \oitit«al  bloiKltn^j  w i . .  bo  v.lrsct iboti  it'.  . or m s  o t  t  n  o  s y nop t i e  . . .  . . 
The  procedure  for  the  full  climatological  so.  is  similar. 

fable  2  shows  the  weighted  information  ft.  Ids  entering  into  syu.  ;  ,  u- 
vertical  blending.  Depths  (meters)  are  shown  in  the  lott-hand  coin:. a;. 

Across  the  top  of  the  table,  T  ,  T‘  and  i"  refei  to  temperature,  <  ra . 

a  nu  t  ur\  at  ure  respectively,  lot  ea  c  a  typo  * ' ;  pa  i  a  in  . 1 1  cr ,  t  hree  co  lu  *  a . . ' 
given.  The  first,  headed  "P.  .Vo.",  gives  the  parameter  number  fro;.;  ....  2 
Values  of  T  and  i"  provided  directly  by  Analysis  arc  denoted  by  "A"  in  .o 
second  column.  Assigned  weights  (discusser,  later)  are  given  ...  d  o 
column. 

■  he  upper  section  of  Table  2  refers  to  the  tixod-lovol  par.it. .»  .  .. 

’i’he  first  level,  0  meters,  is.  parameter  no.  0,  the  sea-surface  tcm;v. ,  . 

The  value  of  SST  is  provided  by  analysis  (as  shown  by  "A"  m  .,,o 

column  under  'l')  and  the  assigned  weight  is  10.0.  The  gnniiont  over  .  d. 

‘USl  ^  o  motet  s ,  pat  a  motet  no.  i  /  ,  also  is  pioviaed  by  analysis.  \ .  .  e  .... 

gradients  are  entered  opposite  the  upper  level  encompassed — thus  put ........  . 

no.  17,  an  estimate  of  T  -  T  ,  is  shown  against  level  0.  in  .goto 

2  5  m  0  m 

a  gradient  entered  at  any  level  d  refers  to  T  -  T  where  dH  is  the  next 

it  >■  1  a 

deeper  level  shown  in  the  left-hand  column. 

At  some  levels  such  as  75  meters  there  is  no  analysed  field  o:  i--so 
rig.  22.  Where  indicated,  formulation  F  is  used  to  compute  T.  in  gone; a i 


F 


T  t  T‘ 

d-1  d-1 


(78) 


At  400  meters  formulation  T3  is  used  to  form  T 


100 


F3  -■=  T ’  . .  r  0.5C'  . 

3.00  o00 


(79) 


The  definition  of  C  follows. 
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The  weighted  information  fields  ontorin.;  into  sy..o';  ;  ic  vet;  icul  blot 
See  text  for  description.  A  similar  table  is  used  for  the  climatolo. 
set  of  thermal-structure  parameters. . 


:'.xod  Levels  P 
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At  oOO  meters  and  bo  low,  values  o;  T  are  provided  by  ihe  si.'ied. 
fields  of  climatology.  Values  of  T‘  are  computed  by  formulation  0"  : 


C’ 

d 


T  ,  ,  -  T ,  ,  d  u 0  0  meters 

d  >  1  a 


WO 


Values  of  C"  are  given  by 


Cj 

a 


d-1 


d  000  meters) 


At  600  meters  the  appropriale  expression  woiiK;  be 


600 


A)  00 


i  1  ovvever ,  tv*)  exorcise  eoittrol  oi  the  curvature  wlirn  passiiu;  trom  anu.y.  e.» 
levels  to  deep  levels  whose  parameter-values  are  provided  by  climutole.  >  , 


C"  is  set  equal  to  o.ero  with  an  associated  weight  of  0.0.  In  so-iioi;., 
o00 


we  are  providing  a  contrived  piece  of  weighted  information  to  the  el  lev-, 
that  there  is  little  change  in  gradient  between  (400  600m)  ana  u'00  ♦  00  0  m) . 

this  reduces  any  "kinking"  w'non  combining  the  upper  and  lower  levels. 


Since  w"  ,  is  set  equal  to  aero  (shown  in  Table  2),  there  is  no  need,  in 
oOO 


practice  ,  to  apply  Eg.  (02), 


The  second  part  of  Table  2  refers  to  the  floating  levels.  Analysed, 
values  of  parameter  numbers  2  through  6  are  available.  Values  of  T"  are 
computed  as  follows: 


FI 


n  - 


103) 


*  T* 


-  r„ 


i.”' 
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A 


whore  the  subscripts  refer  to  depths  rel 
parameter  no.  1. 


OG 


The  next  stage  is  to  merge  the  fixed  and  floating  levels.  This  .s 
achieved  by  replacing  the  fixed-level  parameter  values  by  the  fim-r- 
rosolution  floating-level  parameter  values  over  the  depth  range  covered  by 
the  floating  levels  (i.e.,  from  PLD-25  to  PLD+50  meters).  The  procedure 
is  most  easily  explained  by  example. 


figure  24  shows  the  top  150  meters  of  the  ocean  at  grid  point  2,-: 
Column  (a)  shows  the  temperature  and  gradient  values  provided  by  the  fixe, 
levels .  Analyzed  values  are  represented  by  "o"  and  computed  values  by 
0"--see  'fable  2.  Similarly  Col.  (b)  shows  values  of  T  ,  T1  and  T" 
provided  by  the  floating  levels  using  an  assumed  PLD  of  55  meters. 
Analyzed  values  are  represented  by  "A"  and  computed  values  by  “.y. 
Column  (c)  shows  the  effect  of  merging  the  iixed  and  floating  levels. 
Mote  that  all  fixed-level  parameters  falling  within  the  range  PLD-25m  to 
PLD+50m  are  replaced  by  the  floating  levels.  Values  of  temperature 
difference  must  be  computed  for  the  ranges  25  -*  30  meters  and  105  -»  125 
meters.  A  simple  linear  relationship  is  used.  For  example 


25  (new) 


where  is  the  fixed-level  gradient  value  at  25  meters.  This  provides 
a  new  value  for  T^5  which  is  a  measure  of  the  temperature  difference 
between  30  meters  and  25  meters.  The  associated  weight  is  given  by 


weight  of  T'  given  in  Table  2 


25  (new) 


[This  is  a  direct  application  of  Eq.  (28).  ] 
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Figure  24  Fixed-level  parameters  are  shown  in  (a).  Floating-level 

parameters  arc  shown  in  (b)  for  an  assumed  PLD  of  55  meters. 
The  effect  of  combining  the  two  parameter-sets  is  given  in  (c). 

O  and  A  represent  analyzed  values;  O  and  A  represent  computed 
values.  Note  that,  following  combination  of  the  two  parameter 
sets,  gradient-component  values  must  be  computed  for  25  -*  30m 
and  for  105  125m. 
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A  similar  calculation  provides  the  new  temperature  difference  between  125 
meters  and  105  meters  and  the  associated  weight.  In  general,  no  matter 
where  the  PLD  falls  in  relation  to  the  fixed  levels,  no  more  than  two  such 
calculations  are  required  to  adjust  the  "interrupted"  fixed-level  gradient 
values  and  associated  weights.  If  PLD  <  25  meters  then  is  multiplied 
by  PLD/25 . 

Let  d  be  any  level  in  the  ocean; 

T,  be  the  temperature  at  that  level.  (Tx  is  provided  either 
d  Q 

by  analysis  of  the  l  ,m  field  or  by  formulation  F); 

A  be  the  weight  associated  with  T  ,  ; 

Q  G 

b^  be  the  first-difference  temperature  referred  to  level  a 

where  b ,  =  T  ,  n  -  T  ; 
d  d+1  d 

3  ,  be  the  weight  associated  with  b  ,  ; 
a  a 

c^  be  the  second-difference  temperature  referred  to  level  d 

where  C<1  =  1  +  -  2Td ;  and 

Cd  be  the  weight  associated  with  c^  . 

During  the  vertical  blending  process,  information  from  all  levels  is 
to  be  spread  and  assimilated,  and  the  final  result  will  be  the  "best  estimate" 
of  each  parameter  that  can  be  provided  by  the  total  information  available. 
This  best  estimate  will  be  denoted  by  a  double-star  superscript  since 
estimates  of  the  thermal-structure  parameters  for  vertical  blending  are 
derived  from  fields  which  have  been  analyzed  horizontally  (and  include 

'k 

information  accrued  along  the  time  axis).  Thus  T,  denotes  the  final 

d 

blended  resultant  of  the  temperature  at  level  d  of  associated  weight  A**  , 

G 

and  similarly  for  the  other  parameters  and  their  associated  weights.  We 
regard  the  difference  between  any  parameter-value  before  and  after  vertical 
blending  as  a  disparity,  and  to  produce  the  "best-estimate"  profile  we  must 
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minimize  the  total  weighted  squared  disparities  over  all  parameters  (i.L>.  , 
T  ,  b  ,  c)  for  the  whole  profile  (i.e. ,  for  ail  values  of  d). 

To  do  this  we  set  up  the  appropriate  error  functional  E  where 


E  = 


Z)  ,  /T**  ^2  /_**  „,*•*  \2 

|Adlxd  'Td/  r  B  d  V  d  <  1  "  Td  '  bd) 


r  C  ( T**  ,  T**  -  2T**  -  c 

d \  d+1  d-1  Zid  Cd^  \ 


To  minimize  we  set 


Noting  from  Eq.  (85)  that  there  are  terms  involving  T**  associatec 

a 

with  the  levels  d-1  ,  d  ,  and  dU, 


Ad(Tr  -  Ta) 


f  ,(Tt*  -  T*\ 


d-1  I  d  xd-l  '  d-1 


-  B  T  ,  -  T  ,  -  b  . 

d\  ch-1  c  o 


+  C  (T  ,  +  T  -  2T*\  -  c,  . 

d-1'  d  q-2  d-i  d-1 

n/-N  /  rp  ,  rp  "k  ie  rxr-i'k  "to  \ 

ZC  1  ,  T  1  “  2i  “  C  ,  I 

ci  \  d  t-l  g — 1  d  d  ' 


*  *  Td*  -  2t::.  -  cd,i 
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Rearrangement  gives: 


S 


d 


A  ,  *  T, 
d  d 


Bd  •  Ktl  -  °d) 


+  B  •  i  +  b ,  . 
cl- 1  \  d-1  d  —  1/ 

4Cd  2  '  d+1  r  id-l  '  Cd) 

_  /_  „  ~k  k  .1.  a. 

-f  C  •  IOT  -  T  *  *  4- 

d-1 


L/ 


,** 

rr,  "k  ~k 

d-1 

-  1d-2 

"  Cd-1 

,** 

rr,** 

d+1 

-  T 

d+2 

^  °d  +  l 

(87) 


where  S ,  =  (A  ,  +  B  +  B 
d  \  d  d 


'd-1 


4C  , 
a 


C.  i 
d-1 


d+1/ 


There  is  one  such  equation  for  every  d  ,  forming  a  system  of 
simultaneous  equations. 

The  set  of  blending  equations  may  be  expressed  in  matrix  notation. 
To  deduce  matrix  elements  for  the  level  d  ,  Eq.  (87)  may  be  rearranged  as 
follows : 


Cd-llTd-2  +  " 


Bd-1  -  2Cd  -  2Cd-l)Td"l  +  (Sd)T 


+  (-B  -  2C  -  2C .  .  )t**  + 

d  d  0+1/  d+1 


Cd  tl) ' 


** 

d 

,** 

d+2 


=  AT  -  B  b  +  B ,  .  b ,  .  -  2C.C, 
d  d  d  d  d-1  d-1  d  d 


+  Cd-1  °d-l  h  Cd+1  Cd+1 


(88) 
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In  matrix  notation  the  full  set  of  equations  is  given  by 


n 


M  T 


189) 


where  M  is  pentadiagonal,  symmetric  and  positive  definite. 

This  set  of  equations  is  solved  most  expediently  by  the  procooure 
known  in  the  literature  as  "forward  elimination,  backward  substitution". 

Since  \1  is  symmetric  and  positive  definite  .t  can  be  ceco4.ipooca 
uniquely  into  L  U  where  L  =  l  is  a  lower  triangular  matrix  with  positive 
diagonal  elements,  aquation  (89)  becomes 


L  U  T 

*3  «  — 


(90) 


The  solution  for  T**  can  then  be  obtained  by  first  solving 


L  Z 


(91 


for  Z  and  then  solving 


T  t  r--,  ~k  * 

U  i 


(S  2) 


for  T**  .  The  elements  of  Z  are  easily  obtained  from  Eq.  (91)  in  the  order 
Z.  ,  Z9  ,  Z  . . .  since  the  first  equation  involves  only  Z  ,  the  second 
equation  involves  Z^  and  Z^  ,  and  so  on.  Then  the  elements  of  T  are 
obtained  similarly  from  Eq.  (92)  in  the  reverse  order,  i.e.,  ...1,,  #  i  9  < 

T**  .  These  two  steps— obtaining  the  intermediate  solution,  Z  ,  from 
Eq .  (91)  and  obtaining  the  final  solution,  T**  ,  from  Eq .  (92)  are  referred 
to  as  forward  elimination  and  backward  substitution  respectively. 

To  explain  the  procedure  in  more  detail,  the  relationship  M  =  LU 
may  be  expanded  as  follows: 
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L 


I'Cvai-  f-iu:  .*•  : 


|e2dl  62Td2  e2f3+d2e3  d2f4 

2  2  2 

i  f  _d  f  _e  ’-e„d  f  +e+d  e  i  +  c  e  at 

I  3  1  3232  333  o  3  4  3d 


2  2  2 

f„e  +e,d.  f  .  t-e.+Q.  e„f  +d„e_  d„f_ 

4343  *i  4  4  4545  <*  :> 


Equating  the  individual  elements  of  M  to  the  corresponding  elements  of  the 
product  L  U  and  solving  for  d  ,  e  and  f  the  following  relationships  result: 

CS  * 

,  _  ,  a/2 

di  "  (V 

e2  =  b2/dl 

f  3  =  C3/dl 

d2  =  (a2  ~  e2  )1/2 

e3  =  (°3~f3e2)/d2 

f.  =  C^/d9 

4  4  2 

,  .  2  ,2  A/2 

°3  ^a3  ~  e3  ‘3 

etc. 

Having  determined  the  elements  of  L  and  U  we  can  employ  forward 
elimination  to  solve  for  Z  in  Eq.  (91): 


.  •  '.i -1: y..;.. :  • 


Initia  lize 


ze — Z.  -  F  /d. 
1  11 


Z„  =  (F 


1*2 


!2ZlK 


Iterate —  n  =  3  N 


Z  = 
n 


=  (F  -  e  Z  -  f  Z  J/d 
\  n  n  n-1  n  n-2  n 


(93) 


Backward  substitution  then  follows  to  solve  Eq.  (32)  for 


Initialize — T.t  =  Z_r/d_T 

A  A 


★  ★ 

TX-1  ~  vZX-l 


eX-lZX//dX-l 


Iterate--  n  =  ^X-2,  -*  1 


T**  =  (Z  -  e  Z  -  f  Z  j/d 
n  \  n  n  n+1  n  n^2/  r 


(34) 


Vertical  blending  is  carried  out  at  every  grid  point  of  the  horizontal 
analysis  array.  The  initial  values  of  thermal-structure  parameters  contained 
in  the  horizontally-analyzed  fields  are  replaced  by  the  corresponding  values 
resulting  from  vertical  blending.  These  re-written  fields  represent  the  final 
analyzed  product  and  are  used  to  derive  PIFS  for  the  next  analysis  in  the 
manner  previously  described.  A  series  of  such  analyses  provides  a 
4-dimensional  analysis  of  ocean  thermal  structure. 

The  information-partitioning  weights  utilized  in  vertical  blending 
have  to  be  specified.  By  appropriate  assignment  of  these  weights  the 
relative  information  contribution  provided  by  any  one  or  any  sub-set  of  the 
thermal-structure  parameters  can  be  controlled.  For  example  if  gradients 
are  emphasized  then  conflict  between,  say,  an  analyzed  temperature  at  a 
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certain  level  and  an  estimate  of  the  temperature  at  the  same  level  provided 
by  information  carried  to  that  level  by  way  of  gradient  estimates  will  be 
resolved  by  a  compromise  which  more  closely  agrees  with  the  ambient 
gradient  information.  The  shape  of  the  profile  will  tend  to  be  preserved 
rather  than  the  actual  temperature.  Conversely,  by  a  different  specification 
of  weights,  the  relative  significance  of  temperature  may  be  emphasized 
although,  of  course,  the  shape  will  be  modified.  (Note  that  after  assembly, 
the  example  given  in  Sections  3.2.6  and  3.4.2  is  a  simple  exercise  in 
vertical  blending.  Some  appreciation  of  the  complex  interplay  between  the 
weighted  contributions  of  temperature  and  first-differences  of  temperature 
may  be  gained  by  reworking  the  example  with  different  ass ignerl  sets  of 
weights  for  T  and  b  .) 

The  assigned  weights  for  EOTS  vertical  blending  must  be  specified 
so  that  the  resultant  profile  provides  die  best  estimate  of  the  local 
representative  profile;  this  best  estimate  must  ..ake  into  account  those 
features  of  the  profile  which  are  of  greatest  significance  to  the  objective 
of  the  overall  analysis  process.  In  EOTS  these  features  are  those  which 
determine  sound  propagation* — gradients  and  curvatures.  The  set  of 
weights  specified  in  Table  2  is  the  result  of  much  careful  thought  and 
experimentation. 

At  a  depth  of  zero  meters  the  profile  at  any  point  effective!-  is 
"anchored"  to  the  SST  analysis  by  the  assigned  weight  of  10.0.  At  great 
depths  the  profile  is  anchored  to  climatological  values.  Between  these 
levels  the  significance  of  gradient  information  generally  is  emphasized. 

SST  information  is  propagated  downwards  by  way  of  the  first- 
difference  weights.  In  near-surface  waters  the  SST  analysis  contributes 


Examples  of  vertical  and  horizontal  cross-sections  of  sound  speed 
produced  by  the  EOTS  analysis  system  are  given  in  Section  7. 
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Table  3  shows  vertical  blending  at  a  point  in  the  deep  ocean 
(34.3°N;  66. 0° W)  in  the  vicinity’  of  the  Clulf  Stream.  The  first  table 
(NHEM)  is  based  on  a  63x63  analysis  grid,  polar  stereograph ic  projection, 
covering  tire  whole  of  the  Northern  Hemisphere.  The  second  table  (GLFS)  is 
provided  by  the  Gulf  Stream  regional  analysis  which  utilizes  a  grid-spacing 
of  one-eighth  that  of  the  hemispheric  analysis.  (The  SST  analyses  given 
in  Section  4.13  utilized  the  same  analysis  grids.)  Because  of  operational 
scheduling  there  is  a  time  difference  of  12  hours  between  the  two  analyses  — 
the  NHEM  analysis  is  for  00Z,  6  June  1979,  the  GLFS  analysis  being  12  hours 
earlier.  The  time  difference  is  not  significant  to  this  discussion. 

The  second  line  of  eacir  table  heading  provides  the  location  o.  t.re 
profile  in  analysis-grid  coordinates,  and  the  corresponding  latitude  ana 
longitude.  Locations  are  designated  "open  ocean"  (as  in  the  tables), 
"coastal"  or  "land"  as  appropriate.  If  coastal,  the  number  of  associates 
links  is  given. 

The  third  line  of  the  heading  provides  depth  information — PLD  and 
bottom  depth. 

For  each  depth  (Z  meters),  columns  A,  3  and  C  show  the  weights 

associated  with  T,  M(=T')  and  O  (  T")  respectively  * — see  Table  2 . 

Column  R  shows  the  blended  resultant  temperature.  The  upper  1000  meters 

2 

of  each  profile  have  been  plotted  (by  hand)  in  Fig.  25.  The  climatological 
values  of  T  and  M  (i.e.,  for  depths  ?  600  meters)  are  provided  from 
common  climatological  fields,  the  GLFS  climatologies  being  "zoomed"  from 

S’he  weight  of  2  66.6  at  73  meters  for  GLFS  may  seem  unlikely  at 
first  sight.  This  is  realistic  and  due  to  the  fact  that  a  gradient  over  only 
1.5  meters  is  required  to  couple  (PLDt50)  meters  to  the  fixed  level  at  75 
meters.  (See  calculation  of  associated  weight  given  on  page  164.) 

2 

A  machine-plot  capability  is  available. 
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Table  3  (continued) 
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Figure  25  The  resultant  profiles  at  a  point  in  the  deep  ocean  for  two 
different  scales  of  horizontal  analysis  resolution. 


the  available  NHEM  climatologies.  Regional  climatologies  should 
be  used  but,  as  yet,  these  have  not  been  generated. 


The  effect  on  the  resultant  profile  of  the  two  different  scales  of 
horizontal  analysis  resolution  may  be  noted — both  resultants  are  best 
estimates  of  the  representative  profile  provided  by  the  available  information, 
the  differences  being  due  to  the  different  object  scales  of  analysis 
resolution. 

Note  how  synoptic  information  is  propagated  downward  to  modify 
the  upper  climatological  levels,  and  how  the  shape  of  the  profile  is 
preserved  in  these  regions. 

(As  currently  configured,  the  vertical  blending  process  extends  to 
5000  meters  irrespective  of  bottom  depth.  In  due  course  the  EOTS  analysis 
system  is  to  be  modified  to  take  account  of  local  bathymetry.) 


THE  EXPANDED  OCEAN  THERMAL-STRUCTURE  ANALYSIS  SYSTEM 


D  . 


6.  1  Introduction 

Previous  Sections  have  described  how  the  concepts  and  formulations 
of  the  FIB  analysis  methodology  may  be  applied  to  produce  horizontally- 
analyzed  distributions  of  the  ocean  thermal— structure  parameters  and  how 
tnese  incepenaently-analyzed  parameters  then  may  be  blended  vertically 
to  pioduce  the  resultant  temperature  at  any  point  in  space  and  time.  This 
Section,  based  very  largely  on  the  more  detailed  account  contained  in  the 
nOiS  users  Manual,  provides  a  basic  outline  ot  the  EOTS  analysis  svstem 
which  carries  out  the  overall  analysis  process. 

The  EOTS  system  exists  in  two  configurations — the  "off-line"  and 
the  operational  (or  "on-line")  mode.  Tne  on-line  mode  is  used  for  the 
production  of  synoptic  sequences  in  a  real-time  operational  context.  The 
off-line  mode  permits  non-routine  tasks  to  be  performed  without  having  to 
modify  or  provide  an  input  to  the  on-line  mode.  The  off-line  version  is 
used  for  R&D;  tuning  and  evaluation;  setting  up  new  areas  for  subsequent 
transfer  to  the  operational  configuration;  generating  climatological  fields; 
and  for  providing  a  rapid  response  to  operational  requests  for  products  not 
available  on  a  routine  basis. 

6.2  Summary  of  System  Capabilities 

Vertical  Resolution  The  EOTS  analysis  system  uses  up  to  2  6 
parameters  to  represent  the  temperature  profile  at  any  point  in  the  ocean  from 
the  surface  to  400  meters  (Fig.  22).  Eight  of  these  parameters  are  devoted 
iO  a  high-resolution  representation  of  the  PLD.  Below  400  meters  (to  a 
depth  of  5000  meters),  climatological  values  are  used  which  are  synoptically 
modified  during  the  course  of  vertical  blending.  Any  number  of  parameters 
may  be  specified  for  analysis.  Thus  specifying  parameter  no.  9  would 


result  in  an  SST  analysis.  Normally  either  one,  twenty  (the  synoptic  set) 
or  twenty-six  (the  climatological  set)  are  specified. 


b.  Horizontal  Resolution  COTS  utilizes  an  analysis  grid,  polar 
stereographic  projection,  which  can  be  specified  with  regard  to  location, 
orientation,  size  (LxM  grid  points)  and  grid-point  spacing. 


c.  Tempera i  Resolut ion  Any  analysis  frequency  may  be  specified. 
In  practice  the  analysis  interval  is  lower  bounded  by  the  frequency  (and 
quantity)  of  synoptic  observations .  For  example.  Northern  Hemisphere  TOTS 
analyses  on  a  63x63  analysis  grid  are  carried  out  every'  24  hours. 


d.  Analyses  produced  by  a  given  Run  Given  the  necessary  inputs 
and  appropriate  specifications,  the  EOTS  system  automatically  will  perform 
analyses  for  any  number  of  regions  in  a  single  run.  The  analysis-grid 
dimensions  may  be  specified  for  each  individual  region,  as  may  be  the 
parameters  to  be  analyzed. 


e.  Gat  a  bases  All  necessary  fields  ana  data  oases  are  referenced, 
supported  and/or  kept  current  by  the  EOTS  system.  The  latest  sea-ice 
information  is  included  automatically  in  non-ciimatological  analyses.  No 
user  intervention  is  necessary  (apart  from  providing  initial  analysis 
specifications) .  For  example,  given  a  new  area  for  analysis,  the  EOTS 
system  will  automatically  access  the  land/sea  table,  compute  the  appropriate 
SCD  field,  and  store  this  for  future  use  as  required. 


t.  Bog  us  s  ing  A  bogus  capability  is  available  for  subjective 

influence.  Actual  or  contrived  single-level  or  full-profile  reports  may  be 
forced  in  or  out.  In  addition,  SST  gradients  subjectively  interpreted  from 
satellite  imagery  may  be  imposed  on  the  analysis.  (This  capability  could 
be  applied  to  the  assimilation  of  weighted-gradient  estimates  into  the 
analysis  of  other  thermal-structure  parameters.) 
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g.  Output  A  wide  variety  of  plotted  and  printed  information  can 
be  output  including,  for  example,  plots  of  any  analysed  thermal-structure 
parameter;  the  land  background  is  included  in  such  plots.  Cross-sections 
of  temperature  and  sound  speed  may  also  bo  specified  and  plotted. 

(Samples  of  COTS  products  in  this  publication  include  Table  3  and  Figs.  18, 
19,  20,  28,  29,  30,  31,  32,  33,  34  and  35.) 

6 •  3  Information  Flow  and  Processing  in  the  COTS  Analysis  System 

Figure  26  shows  information  flow  through  the  EOTS  analysis  system. 
This  may  be  compared  with  Fig.  15.  A  brief  description  of  the  function  v  f 
each  module  is  given  below;  the  concepts  underlying  these  functions  and 
the  formulations  which  enable  the  functions  to  be  realized  are  contained  m 
Sections  2  through  5 . 


INITSCD 


required  (includes 


Tests  to  see  whether  or  not  SOD  field  generation  is 
User  option) .  If  not,  then  control  passes  to  OTSRATS. 


MAh  MAP 


Computes  land/sea  distribution  for  a  new  area, 


OBJSCD 


Determines  the  objective  SCD  field  from  the  land/set 


distribution.  Provides  output  needed  to  allow  subjective  decisions  to  be 
made. 


SUBSCD 


Updates  OBJSCD  using  subjective  decisions.  Saves 


final  SCD  field  for  use  by  SCDSET. 
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OTSRATS 


In  any  operational  run  of  EOTS,  analyses  for  several 


areas  may  be  required  and,  in  general,  these  requirements  van/  from  run  to 
run.  OTSRATS  is  a  scheduler  which  determines  and  controls  the  sequence 
of  analyses  produced  in  a  given  run.  If  any  necessary  PITS  are  missing, 
OTSRATS  computes  the  appropriate  tape  number  and  invites  the  operator  to 
restore  the  missing  fields.  A  "restart  from  climatology"  option  is  available. 


OTSBT 


1 _ _ I  BT  reports  are  checked  and  corrected  for  duplicate  levels 

and  obvious  single-level  reporting  errors.  The  BT  then  is  converted  to  units 
of  meters  and  °C  and  the  temperature  linearly  interpolated  at  every  2.5 
meters  from  the  surface  to  450  meters  (or  to  the  bottom  of  the  profile  if  the 
BT  did  not  reach  this  depth).  All  fixed  and  floating  level  ocean  thermal- 
structure  parameters  provided  by  each  profile  (including  up  to  nine  PLD 
candidates  together  with  their  associated  parameters)  are  computed  and 
stored  in  a  variable  length  format.  SST  reports  from  ships  and  satellites 
are  saved  in  much  shorter  formats. 


EOTS  drives  the  analysis  of  thermal-structure  parameters 
required  for  each  area  using  relevant  observational  data,  previously  analyzed 
fields  and  climatological  information.  As  can  be  seen  from  Fig.  26,  the 
analysis  is  performed,  one  parameter  at  a  time,  by  entering  an  information¬ 
processing  loop  which  commences  with  FI3TS. 

This  module  drives  the  analysis  of  individual  thermal- 
structure  parameters,  one  at  a  time.  (FIBTS  and  its  associated  modules 
form  the  subject  of  Section  4.) 
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OTSDAT 


Only  part  of  the  information  parameterized  by  OTS3T  is 


needed  for  the  analysis  of  a  particular  thermal-structure  parameter.  OTSDAT 
selects  the  relevant  information  provided  by  current  observations.  Two 
parameters — PLD  and  SST — are  treated  as  special  cases. 


PLDSEL 


ini 


s  module  carries  out  the  selection  of  one  PLD  candidate 


from  each  profile  in  the  manner  described  in  Section  5.6.  (This  process, 
involving  a  FIB  3-cycle  analysis,  involves  all  modules  from  OTSCLIM  to 
REEVAL.) 


SAT  DAT 


For  reasons  previously  explained  (Section  4.5.3), 
satellite-derived  and  synoptic  marine  SST  data  are  not  assembled  with  equal 
weights.  These  two  modules  convert  the  SST  data  to  an  internal  format  whicn 
includes  a  class  number  indicating  source.  The  SST  data  are  grouped  together 
in  the  data  list  according  to  their  source  for  later  assembly. 


I  SHPDAT 

I - — 


from  the  previous  analysis  to  provide  and  P 


OtSCLIM  |  Adjusts  the  assembly  field  and  the  analyzed  resultant  field 

"k  k 

.  Having  no  prediction 
model  in  concurrent  operation,  the  present  EOTS  system  bases  the  adjustment 
on  climatological  trend .  See  Eqs.  (58)  and  (66). 


INITFLD 


Computes,  from  PQ  ,  the  shaping  and  spreading  PIFS 


and  stores  them  together  with  their  associated  weight  field, 
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a.  Smoothing  at  only  those  grid  points  having  a  specified  sign 
for  the  Laplacian  of  the  parameter. 

(An  example  of  the  application  of  these  controls  is  the  use  of  options  c.  and 
d.  in  adjusting  gradients  in  the  wake  of  major  reported  retreats  in  sea-ice 
coverage . ) 


Sets  the  appropriate  spreacing  weights  to  zero  in  order 


to  "decouple"  the  flow  of  information  across  land  barriers. 


These  modules  carry  out  a  3-cycle  FIB  analysis 
of  each  ocean  thermal-structure  parameter,  including  the 
gross  error  check  and  reevaluation.  On  completion  of  the 
final  assembly,  A  is  produced  for  use  in  the  next 
analysis . 
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As  can  be  seen  from  Tig.  26,  the  information-processing 
loop  entered  by  EOTS  is  exited  when  all  analysis  cycles  have  been  completed 
for  all  requested  parameters.  As  the  horizontal  analysis  of  each  thermal- 
structure  parameter  is  completed  it  is  stored.  The  function  of  RCPROF  is  to 
reconstruct  a  vertical  profile  at  each  grid  point  using  values  from  the  stored 
set  of  horizontally  analyzed  fields.  Floating  levels  are  merged  with  the 
fixed  levels  as  described  in  Section  5.7.  RCPROF  also  acquires  the  deep 
climatological  parameters  (see  Table  2)  from  storage. 


ihis  module  carries  out  the  vertical  blending  process, 
grid  point  by  grid  point.  (The  corresponding  values  from  the  horizontally- 
analyzed  fields  are  replaced  by  the  resultant  from  3PROFIL  to  provide  the 
unal  analyzed  products.  This  is  carried  out  by  RCPROF.) 

Having  completed  the  analysis  sequence  for  a  given  area,  the  program 
returns  to  the  scheduler  OTSRATS  to  commence  the  next  thermal-structure 
analysis  (if  any) . 

6 •  4  Tunable  Parameters 

The  EOTS  analysis  system  encompasses  a  number  of  tunable 
parameters,  some  of  which  can  be  readily  accessed  and  modified  by  the 
User  and  others  which,  deliberately,  are  less  accessible.^  Tunable 


For  example  the  weights  used  in  the  vertical  blending  process 
(Table  2)  are  not  under  direct  control  of  the  operational  User. 
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7. 


ADDITIONAL  LOTS -RELATED  TOPICS 


7 .  1  Introduction 

This  Section  presents  a  number  of  topics  forming  part  of  the  1TB 
analysts  methodology  and  of  relevance  to  the  LOTS  analysis  system  and  its 
capabilities  and  applications. 

7 . 2  The  Production  of  Climatologies 

By  way  of  example,  suppose  it  is  required  to  produce  a  hemisphere 
climatology  for  June  (all  years)  of  sea-surface  temperature.  We  shall 
assume  that  30  years  of  data  are  available.  Consider  these  four  approache 

a.  Divide  the  hemisphere  into  a  number  of  sub-regions,  partition 
the  data  accordingly,  and  compute  the  arithmetic  mean  for 
each  sub-region.  This  is  the  "Marsden  square  approach" . 

b.  Use  all  the  observations  made  in  all  Junes  and  carry  out  an 
analysis  of  this  data.  (A  simple  method  would  be  to  carry  out 
this  analysis  in  isolation;  a  superior  technique  is  to  impose 
forward-and-backward  continuity  in  time *  using  the  analyses 
from  preceding  and  succeeding  months.) 

c.  Use  all  the  observations  for  a  given  June  in  an  LOTS  analysis 
of  the  SST  parameter,  repeat  this  process  for  all  Junes,  then 
derive  an  all-Junes  climatological  field  by  taking  the  grid- 
point  means  of  the  30  contributing  analyses. 

d.  Divide  each  June  into  six  5-day  periods,  produce  analyses  for 
each  period,  then  derive  an  all- Junes  climatological  field  by 
taking  the  grid  point  means  of  the  180  contributing  analyses. 

Which  of  these  approaches  is  the  best? 


See  Section  7.4. 
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The  Marsden  square  approach,  though  often  used,  destroys  much 
of  the  inherent  information,  has  no  significant  merit  when  evaluated  against 
the  capabilities  of  an  effective  analysis  system,  and  therefore  will  not  be 
discussed  further. 

If  the  observations  used  for  producing  the  climatology  are 
(reasonably)  uniformly  distributed  in  space  and  time  then  no  significant 
difference  would  be  apparent  between  the  three  products  based  on  analysis. 
However  this  is  an  unjustified  (and  unnecessary)  assumption.  In  general 
SST  observations  are  not  uniformly  distributed.  In  these  circumstances 
method  b.  is  the  least  satisfactory  and  method  d.  is  the  best. 

To  illustrate  this  point,  admittedly  by  exaggerating  the  likely 
circumstances,  assume  that  the  only  observations  in  a  particular  area  of 
the  analysis  come  from  a  ship  which  normally  makes  one  measurement  of 
SST  every  5  days.  Thus  there  will  be  6  observations  normally  available 
for  each  June.  However,  assume  that  for  one  particular  5-day  period  a 
low-temperature  anomaly  affects  the  immediate  vicinity  and  that,  in  order  to 
obtain  data  regarding  this  unique  phenomenon,  the  ship  makes  measurements 
of  SST  every  hour.  Thus  there  will  be  120  observations  of  anomalously  low 
SST  values  for  this  5 -day  period. 

Now  consider  method  b.  A  total  of  294  observations  (29  x  6  +  120) 
are  available.  However  over  40%  (120/294  x  100%)  of  the  information 
contributing  to  this  product  is  derived  from  one  particular  5-day  period. 

This  is  clearly  unrealistic. 

Now  consider  method  c.  For  the  June  encompassing  the  5-day 
period  during  which  more  frequent  measurements  were  made,  there  are 
125  observations  available.  95%  (120/125  x  100)  of  the  information 
contributing  to  the  analysis  for  this  particular  June  comes  from  one  5-day 
period.  If  now  a  mean  value  for  all  Junes  is  derived,  giving  equal  weight 
to  each  June,  then  3.2%  of  the  contributing  information  (1/30  x  95%)  comes 
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from  the  uniquely  cold  5-day  period.  This  again  is  unrealistic  because 
only  5  days  of  anomalously  low  temperature  out  of  a  possible  900  days 
(30  days  x  30  years)  were  observed — i.e.  ,  0.56%. 

Now  consider  method  d.  Each  5-day  period  is  equally  weighted 
in  deriving  the  mean.  There  are  180  5-day  periods  (6  x  30).  For  one  of 
these  100%  of  the  information  reflects  the  cold  anomaly — and  correctly  so 
since  it  has  been  postulated  that  the  anomaly  persisted  throughout  the 
5  days.  If  now  a  mean  value  for  all  Junes  is  derived  giving  equal  weight 
to  each  5-day  period,  then  the  contribution  of  information  from  any  5-day 
period  is  equal  to  0.5  6%. 

(This  is  not  an  unduly  contrived  example.  Oceanographic  cruises 
and  Naval  exercises  notoriously  bias  observations  in  space  and  time.) 

It  is  clear  that  to  avoid  unrealistic  weighting  of  information,  equal 
weight  should  be  given  to  equal  time  periods  irrespective  of  the  number  of 
observations  in  each  time  period.  The  analyses  should  be  performed  as 
frequently  as  can  be  justified  by  the  available  data,  the  object  range  of 
scale,  and  by  computer  resources. 

7 . 3  Commencing  an  Analysis  Sequence 

In  previous  discussions  of  the  analysis  process  it  generally  has  been 
assumed  that  the  analysis  for  time  t  forms  part  of  an  analysis  sequence--in 
other  words  the  T-l  analysis  is  available  to  provide  the  necessary  PIFS^ 
for  time  t  .  Now  consider  the  first  analysis  in  a  synoptic  sequence.  Our 
best  estimate  of  the  object -parameter  PIF  is  provided  by  climatology.  (If 


As  defined  in  Section  4.4,  the  object-parameter  PIF  (from  which 
the  shaping  and  spreading  fields  are  derived)  is  the  best  estimate  of  what 
the  forthcoming  analysis  will  be  before  any  information  contribution  from 
current  observations  is  considered. 


even  climatology  is  not  available  then  we  must  commence  with  a  field  o: 

T*  =  constant  or  some  other  appropriate  f.eld — say  a  monotonic  decrease  of 
temperature  with  increasing  latitude.) 

Assuming  that  climatology  is  available  then  the  first  analysis  in  tr.e 
sequence  may  have  only  a  small  number  of  S3T  reports  as  synoptic  input. 
Following  assembly  (using  PIFS  derived  from  climatology)  the  blending 
operation  then  spreads  the  assembled  reports  and  produces  the  optimum 
analysis  resultant  T  ana  associated  resolution  weight  A  .  The  field  will 
closely  resemble  the  climatological  field  in  much  of  the  area  because  only 
a  relatively  small  number  of  reports  were  available  to  "close  the  gap" 
between  climatology  and  the  actual  current  situation. 


The  assembly  and  blending  procedure  is  repeated  for  the  next 
analysis.  However  the  PITb  for  tile  second  analysis  contain  not  only 
climatological  information  but  also  synoptic  information  incorporated  into 
the  first  analysis. 


Clearly,  as  the  sequence  of  analyses  is  continued,  information  is 
accrued  along  aie  time  axis  ana  tno  resultant  analysis  approaches  tne 
actual  current  synoptic  situation.  (See  Fig.  3  and  Eq.  (3).)  It  is  a 
gradual  process,  being  dependent  upon  the  number  (and  distribution)  of 
synoptic  reports.  For  some  areas  — the  Norwegian  Sea  in  winter  bemo  a 
noteworthy  case--the  process  may  take  considerable  time.  This,  of  course, 
is  not  a  fault  of  the  analysis  system;  no  system  can  produce  a  meaningful 
analysis  from  insufficient  information.  However,  even  in  these 
circumstances ,  the  L'OTS  analysis  system  produces  the  best  estimate  of 
the  representative  value  of  the  object  parameter  in  the  object  scale  of 
resolution  that  is  to  be  obtained  from  the  total  available  information; 
analysis  resolution  will  be  limited  by  the  density  of  observations  in  space 
and  time,  not  by  the  analysis  grid.  The  weight  A*  provides  a  measure  o:  die 
uncertainty  of  the  analysis  (i.e.  ,  the  residual  analysis  variance). 
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The  process  of  starting  a  new  analysis  sequence  is  termed 
"restarting  from  climatology".  As  mentioned  in  Section  6.1,  the  oii-one 
mode  of  the  COTS  system  may  be  used  to  set  up  a  new  analysis  sequence. 
A  file  of  (currently)  14  days  of  synoptic  data  is  maintained  and  an 
operational  run,  starting  from  climatology,  can  be  simulated,  inis 
capability — given  sufficient  data — can  be  used  to  overcome  the  problem 
of  converging  on  the  current  synoptic  situation  in  a  real-time  operational 
mode . 


Although  the  need  to  restart  from  climatology  can  arise  because  the 
necessary  PIFS  nave  been  "lost",  in  general  the  procedure  is  needev.  to 
satisfy  U.  S.  Navy  operational  requirements  for  fine-mesh  LOTS  analyses 
of  a  new  area.  In  these  circumstances  the  fine-  ''sh  climatology  .or  that 
specific  area  usually  does  not  exist.  Rather  than  otart  from  a  "ilat  field  , 
interpolated  Northern  Hemisphere  climatology  is  used.  (A  better  procedure 
would  be  to  start  from  the  interpolated  Northern  Hemisphere  analysis;  if 
this  were  done  the  larger-scale  synoptic  features  would  already  be  present, 
This  change  can  easily  be  made.) 


7.4  The  Production  of  Historical  Analysis  Sequences 

In  terms  of  SST  analyses,  suppose  that  we  produce  an  analysis 
sequence  by  progressing  in  the  normal  manner  from  time  t-1  to  time  ~  . 
Information  is  carried  and  accrued  along  the  time  axis.  Now  consider  that 
a  hitherto  aata-voia  region  is  shown  by  observation  to  have,  say,  a 
markedly  higher  SST  than  shown  in  the  analyses  up  to  the  time  at  which 
this  information  was  assimilated.  Clearly  it  is  unrealistic  to  assume  that 
such  a  jump  in  SST  value  has  indeed  occurred  between  one  analysis  anc 
the  next.  It  is  much  more  likely  that  the  previous  analysis  was  partially 
in  error  because  of  the  lack  of  observations.  A  Detter  estimate  of  the 
representative  temperature  may  be  obtained  by  carrying  information  along 
the  time  axis  in  both  directions.  Figure  27  illustrates  how  this  is  achieved. 
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A:. a i y s  is  w i * » •  o 


Analysis  Sequence  1 
iForward-in-t  ime) 


Analysis  Sequence 
(Bac.<ward-in-t  ime) 


Analysis  Sequence  3 


Figure  27  The  production  of  a  historical  an.,  lysis  sequence  utilii-.ln. 

information  carried  and  accrue*.  along  die  time  axis  in  b.  ::i 

directions.  Analyses  are  a . :ated  ....  "Q"or"Q”.  Arr<  w  . < 

mi  bi  the  tail  ot  t  n  e  a  1 1  ow  is  < » •  o  s  *  uice  analysis  a  no  *  * .  *  .  i  ca  a 
is  the  analysis  in  which  the  PIFS  are  used. 


Analysis  Sequence  1  shows  5  analyses  with  information  being 
carried  forward  in  time  by  way  of  the  PIFS.  For  analysis  time  T  ,  the  t-i 

,  .  r  f 

analysis  provie.es  the  assembly  field  P  ,  A  ^  and  the  object-parameter  PIP, 

T*  ,  where  the  indicates  the  forward-in-time  accrual  of  information. 

0 

Analysis  Sequence  2  is  carried  out  backward-in-time .  For  analysis 

time  ~  ,  the  Tt-i  analysis  provides  the  assembly  field  P,  ,  A  and  the 

-  0  0 

object-parameter  FiF,  T  where  the  indicates  the  backward- in-time 
accrual  of  information. 


For  analysis  time  7  the  assembly  fields  P^  ,  A  ^  and  ,  A  ,  are 
combined  using  the  standard  FIB  rules,  thus  providing  the  assembly  field 
,  A  .  (Synoptic  data  for  T  are  assembled  in  the  usual  way  to  provide 


P  ,  A  .)  The  object-parameter  PIF  (used  to  provide  the  shape  and 
spreading  PIFS)  Is  given  i>y  T  -  (T  )/2.  Thus  Analysis  S<  ;u<  n 

has  utilized  information  carried  in  both  directions  along  the  time  axis. 
(Note  that  the  third  analysis  run  does  not  have  to  be  produced  in  any 
particular  order. ) 


For  the  production  of  historical  sequences  this  procedure  provides 
superior  space-and-time  continuity,  preventing  unrealistic  changes  between 
analyses  due  to  poor  data  distribution  such  as  can  occur  when  information 
is  carried  in  only  one  direct. on  along  the  time  axis. 


7 . 5  The  Continuity  of  Ocean  Thermal-.-  tructure  Parameters 

Within  an  oceanic  region  delineated  by  the  SCD  field,  all  thermal- 
structure  parameters  are  analyzed  as  continuous  fields--every  analyzed 
parameter  has  a  value  at  every  point  in  the  field  and  the  space-and-time 
interpolations  assume  continuity  between  grid  points. 

However,  in  an  operational  context,  the  PLD  parameter  may  be 
discontinuous .  For  example,  in  some  regions  (such  as  the  Northeast 
Atlantic  in  winter),  the  ocean  may  be  isothermal  to  400  meters--there  is 
no  PLD  of  any  operational  significance.  Parameter  number  4  (GV00  in 
Table  1)  is  a  measure  of  the  gradient  in  the  first  12.5  meters  of  the 
thermocline.  Where  the  thermocline  is  weak  and  ill-defined  this  gradient 
(a  continuous  field)  will  be  small.  In  such  regions  the  PLD  field  will  show 
large  variations  in  space  and  time — the  variability  of  the  PLD  field  increases 
as  the  strength  of  the  thermocline,  measured  by  GV00,  decreases.  To 


A  modified  procedure  which  utilizes  only  two  analysis  sequences  to 
carry  information  in  both  directions  along  the  time  axis  has  been  developed 
and  applied  to  the  production  of  a  30-year  history  of  northern  hemisphere 
analyzed  sea-level  pressure  fields  at  6-hourly  intervals--a  total  of  some 
44000  analyses;  diagnosed  wind  fields  also  have  been  produced  for  the  same 
times  [7], 
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determine  whether  or  not  analyzed  PLD  values  in  a  particular  area  have 
Operational  significance  to  the  User  the  GVOG  field  also  must  be  studied. 

(By  requiring  that  GVGO  reaches  a  certain  minimum  value  before  PLD 
values  were  plotted  it  would  be  possible  to  blank  off  appropriate  areas  o: 
the  PLD  field.  This  would  pjovide  a  discontinuous  field.  However  a:  what 
value  -  ;  G\ 00  does  the  PLD  cease  to  have  significance?  Thennoclines 
. t  ■■  are  not  significant  .n  one  opoiat.on^.  context  may  be  so  in  another.) 


?  •  °  :\r.  ;y.a:nple  showin  ;  the  y.  o:  .'vo  r<  r. ;  Object  Sen.  -.' 

Analysis  Resolution  or.  Vertical  Cror..- -Sections  of  Temperature 

Figure  28  shows  a  vertical  cross-section  of  temperature  through  the 
1  .  Stream  tor  00Z  on  23  August  1978.  Phis  cross-section  was  obtain*  . 
from  tne  63xo3  Northern  Hemisphere  LOTS  analysis.'1  The  dotted  line  shows 
the  PLD.  The  left-hand  part  of  the  cross-section  is  affected  by  land  and 
should  be  ignored.  Blanking  o:  beiow-bottom  areas  is  a  refinement  yet  lO 
oe  incorporated . 

Figure  29  shows  the  same  cross-section  obtained  from  a  fine-mesh 
LOTS  analysis  for  the  Gulf  Stream  sub-region.  The  analysis  grid  used  had 
a  grid-point  spacing  equal  to  1/8  that  of  the  Northern  Hemisphere  analyses. 
Due  to  the  scheduling  ox  operational  runs,  the  cross-section  shown  in 
Fig.  28  was  obtained  from  EOTS  fields  at  a  synoptic  time  12  hours  earlier 
than  those  used  in  Fig.  27;  the  difference  is  not  significant  to  this 
discussion . 

The  two  cross-sections  are  based  on  EOTS  fields  using  a  common 
vertical  resolution  (see  Fig.  22).  However  one  horizontal  ana  lysis -module 
(see  Fig.  6)  for  Fig.  28  encompasses  64  analysis  modules  for  Fig.  29. 


The  capability  of  producing  such  cross-sections  forms  part  of  the 
overall  EOTS  system.  Details  are  given  in  Appendix  A  of  the  Users  Manual. 
Note  that  this  plot  routine  utilizes  linear  interpolation  of  a  grid  having  a  6.25 
meter  vertical  spacing.  This  introduces  "kinks"  in  the  isopleths  and  limits 
matching  of  the  analyzed  PLD. 
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Although  the  same  data  contributed  to  both  cross-sections  (ignoring  the  time 
difference  of  12  hours)  there  are  obvious  differences  between  the  two 
figures.  Both  cross-sections  are  equally  "correct"  in  the  sense  that  all 
available  information  was  used  to  provide  the  best  estimate  of  a 
representative  cross-section.  The  differences  are  due  to  the  fact  that  the 
representative  cross-section  on  one  scale  of  resolution  is  not  the  same  as 
that  on  another  scale  of  resolution.  * 


An  Example  of  Temperature  Fields  at  Three  Different  Depths 


Figures  30,  31  and  32  show  temperature  fields  at  the  surface  (i.e.  , 
the  SST),  150  meters  and  300  meters  on  12Z,  30  May  197S  for  the  Western 
Pacific  in  the  vicinity  of  Taiwan.  The  analysis  grid  is  63x63,  polar 
stereographic  projection,  with  a  mcsn  size  equal  to  one-eig’nth  that  of  the 
"standard"  63x63  hemispheric  grid  and  a  time  "grid  spacing"  of  24  hours. 
These  fields,  produced  by  the  EOTS  analysis  system,  in  effect  are  2-D 
horizontal  sections  through  the  4-D  EOTS  analysis  for  this  region. 


Figure  30,  the  SST,  shows  a  fairly  flat  field  to  the  east  of  Taiwan, 
with  temperature  decreasing  fairly  rapidly  to  the  north.  Note  also,  apart 
from  the  cold  water  near  the  China  coast,  that  temperatures  in  the  South 
China  Sea  are  similar  to  those  in  the  Western  Pacific.  For  example,  along 
20°N,  Pacific  temperatures  are  about  28°C  and  South  China  Sea  temperatures 
are  about  28  or  29°C. 


See  the  examples  of  SST  analyses  and  associated  discussion  given 
in  Section  4.13,  and  the  blended  profiles  given  in  Table  3  and  Fig.  25. 
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Figure  31  Fine-mesh  temperature  analysis  at  150  meters  for  12Z 
in  the  vicinity  of  Taiwan. 


Figure  32 


Tine-mesh  temperature  analysis  at  300  meters  for  12Z 
30  May  1979  in  the  vicinity  of  Taiwan. 


Figure  31  shows  the  temperature  at  150  meters  and,  as  is  readily 
apparent,  there  is  a  very  different  reslime  at  this  depth.  Over  the  Western 
Pacific  the  temperature  field  is  still  flat--as  it  is  over  the  South  China  Sea. 
However  there  is  a  marked  east-west  temperature  gradient  through  the  Luzon 
Straits.  In  broad  terms,  along  20°N  the  Pacific  has  decreased  in  temperature 
by  about  6°C  between  the  surface  and  150  meters  whereas  the  South  China 
Sea  has  decreased  by  12°C.  By  300  meters  (see  Fig.  32)  these  decreases 
are  about  11°C  and  17°C  respectively.  Figures  30  to  32  are  relevant  to 
studies  of  the  structure  and  distribution  of  the  Kuroshio  current. 

Temperature  fields  at  other  depths  could  be  provided  by  the  LOTS 
analysis  system,  as  could  temperature  vs.  depth  cross-sections  along 
any  line  (straight  or  curved).  However  Figs.  30  to  32  are  not  given  to 
illustrate  applications  of  LOTS  to  oceanographic  research.  They  have  been 
provided  to  demonstrate  that  the  LOTS  analysis  system  easily  can  cope  with 
marked  changes  in  temperature  regime  with  depth — features  in  the  SST 
analysis  have  not  been  imposed  on  temperature  fields  at  greater  depths  in 
defiance  of  other  available  information. 

7.8  Sound  Speed  in  the  Oceans 

Given  temperature,  salinity  and  depth  (or  pressure)  it  is  a  relatively 
straightforward  matter  to  compute  sound  speed  using,  for  example,  Wilson's 
or  Leroy's  formulation. 

The  EOTS  analysis  system  produces  4-D  analyses  of  ocean  thermal 
structure.  As  has  been  demonstrated  a  capability  exists  for  extracting  both 
vertical  cross-sections  (e.g.,  Figs.  28  and  29)  and  horizontal  cross-sections 
(e.g..  Figs.  30,  31,  32). 


These  can  be  quasi-horizontal  sections — for  example  the  temperature 
at  25  meters  above  the  PLD. 


Although  EOTS,  appropriately  modified,  could  be  used  to  analyze 
salinity  distributions,  this  is  not  useful  in  a  synoptic  time-frame  because 
of  the  lack  of  synoptic  data.  Currently,  the  best-available  salinity 
information  is  provided  by  climatological  fields. 

Thus,  given  vertical  and/or  horizontal  temperature  cross-sections 
(from  the  EOTS  system),  corresponding  salinity  cross-sections  (from 
climatology)  and  the  depth,  then  cross-sections  of  sound  speed  may  be 
computed.  (Further  details  are  given  in  the  EOTS  Users  Manual.) 

Figure  33  shows  a  horizontal  field  of  sound  speed  at  a  depth  of 
(PLD-25)  meters--i.e.  ,  25  meters  above  the  PLD — based  on  the  fine-mesh 
EOTS  analysis  for  the  Gulf  Stream  at  12Z,  24  JUN  1979.  The  heavy  line 
drawn  on  Fig.  33  corresponds  to  the  vertical  cross-section  of  sound  speed 
shown  in  Fig.  34.  Figure  35  shows  another  vertical  cross-section  of 
sound  speed,  based  on  the  Northern  Hemisphere  analysis  of  00Z,  08  JUN  1979, 
and  running  along  longitude  20  W  from  the  equator  to  Iceland. 

Knowledge  of  vertical  and  horizontal  sound  speeds  in  the  ocean  is  of 
considerable  importance  to  surface  and  sub-surface  naval  operations. 

7.9  Quality  Control,  Evaluation,  and  Verification 

7.9.1  Output  Statistics  and  Diagnostics 

As  an  integral  part  of  any  FIB  analysis  system,  a  wide  variety  of 
output  statistics  and  diagnostics  are  generated  during  the  analysis  process 
to  assist  with  quality  control.  Some  of  these  measures  are  derived  from  the 
observed  data  contributing  to  the  analysis,  others  provide  the  values  or 
adjustable  constants  used  by  the  analysis,  and  others  are  based  on  the 


LThe  available  fields  for  salinity  are  compiled  monthly  climatologies-- 
they  have  not  been  analyzed  by  a  FIB  analysis  system. 
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analysis  product.  The  following  list,  grouped  by  type,  shows  a  selection 


of  the  statistics  and  diagnostics  which  may  be  output  during  any  LOTS 
analysis  run: 

a .  Data 

List  of  bogusses . 

Number  of  satellite  reports, 

Number  of  ship  reports. 

Number  of  days  of  BT  data  used  in  the  analysis. 

Number  of  BT  observations  available  for  each  hour. 

Total  number  of  available  BT  reports. 

Number  of  BT  reports  for  each  type  of  BT. 

Number  of  3T  reports  entering  the  analysis. 

Maximum  number  of  levels  reported  by  any  BT. 

Percentage  of  BTs  corrected  for  single-level  reporting  errors. 

Frequency  distribution  of  maximum  depth  reached  by  BTs. 

Frequency  distribution  of  the  number  of  PLD  candidates  provided 
by  BT  s . 

Number  of  BTs  not  reaching  a  depth  sufficient  for  them  to  be 
included  in  the  preliminary  PLD  analysis. 

Mean  value  of  parameter  nos.  1  through  26  in  15°  latitude  bands. 

b.  Analysis  System 

Number  of  hours  since  last  analysis  run  for  the  selected  area. 
Values  of  all  adjustable  parameters  including  area  definition. 


Gross  error  tolerances  for  all  object  parameters. 


Climatological  summary  including  measures  of  the  mean 

adjustment  used  to  derive  P.  and  ?**  . 

0  0 

Assembly  weight  table, 
c.  Analysis  Product 

Mean  report  value  for  each  object  parameter. 

Mean  value  of  the  parameter  when  carried  to  the  nearest  grid 
point. 

Mean  background  value. 

Mean  analyzed  value. 

Mean  difference  between  analyzed  and  assembled  values. 

.  tal  the  id  value  for  A  ,  A  and  A  ,  (for  the  next  analysis). 

±\  u 

N’umoer  of  grid  points  in  ice. 

Data  list  considered  for  analysis  of  each  parameter  including 

ship  name,  DTG,  latitude  and  longitude  of  the  report,  gric 

coordinates  of  the  assembly  point,  initial  report  weight,  report 

weight  after  reevaluation,  background  weight,  resultant  analysis 
2 

weight,  X  ,  and  whether  or  not  the  report  was  rejected  or 
withheld . 

Reject  summary  showing  number  of  reports  accepted,  rejected, 
and  withheld. 

Statistical  measures  for  checking  consistency  of  a  priori  estimates 
of  class  variance. 
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7.-:).  2  EOTS  Evaluation 

evaluation  may  be  considerec  .w  *..w  ■  ;v  ceus  ot  s.uuyma  .;  .  ■  .w.*.y. 
product  to  determine  whether  or  not  it  provides  a  realistic  represeiv.atu 

significant  variabilities  in  the  object  seal  of  res  .  (We  reserve 

term  "verification"  tor  the  process  o:  determining  statistical  measures  — 
suen  as  b.as  and  wirianct.*  usuvcmiteu  with  me  tie.a  mm  or  me  ob.  .  .w.... 
/erificath  .  •  s  tat  is  tics  are  dis  cus  s  i  . . Secti<  . .  -  • .  .  . ) 

For  evaluatin  EOTS  malyse;  a  variety  of  pi  due . .  ivail . 

Horizontal  fields  of  any  parameter  may  •  <  output — normally  a  Vartan  ;  h  .  s 

is<  ..  A  : .  M  :  exam]  les  >j  t<  mj  <  rat  12  ■  . yses  have  ■  e<  ;•  re:  entt .. 

...  this  Rep  rt .  <  horizontally-analyzed  parameters--s uch  as  <  rai . 

.  ...  also  may  he  11 1 1 put  *  Any  d  ■ .  * 1  . .  v t  rt ... ~ .  4 .  c  ri  ss— sectit  . . 


temperature  1  1  y  >e  plot  id — see  Figs .  2 . !9 .  In  addition  thei 


e  u.e 


capabilities  tor  plotting  analyzed  and.  elm. a  to  loo,,  cal  profiles  at  any  p.  ...., 
for  plotting  observed  profiles,  and  for  providing  output  of  the  type  shown 

in  .'able  3 . 


Based  on  evaluation,  adjustable  constants 
m<  lifted  :  >  enhance  the  product .  fo  give  a  simple 


may  be  appropriately 
example,  at  one  time 


the  same  climatic  anomaly  control  factor  was  used  in  Eqs.  (58)  and  aw. 
Over  a  period  of  time,  evaluation  of  EOTS  products  revealed  that  shape 
features  needed  to  be  decayed  at  a  greater  rate  than  the  anomaly  of  the 
ooject  parameter.  The  EOTS  analysis  system  was  modified  to  include  a 
second  climatic  anomaly  control  factor  sot  to  an  appropriate  value.  Many 
adjustments  and  refinements  have  oeen  made  to  the  EOTS  analysis  system 
as  the  result  of  product  evaluation. 


7.9.3  Field  Verification 

e  we  have  an  ana  lysi  imeter  P  .  I 

resultant  at  an  arbitrary  locati  n  in  th<  Id .  N  w  assurrn  that  at 

location  (space  and  time)  we  have  two  c:  ,  rvat.or.s  F  and  F  ,  wiiore  . 

a  b  a 

vi  a s  is i  ■  . .  *  .  i .  t 1  an  1 1  y *  is  ■  •  w as  not »  .  ,  I  and  p  are  a  11  < . <  . 

O  [  d  Q 

of  the  same  i . n  v.  n)  1  -  ■  . .  ly  repre;  ntativt  value  P  .  H  w  -  .. .  . 

R 

^  .  C.  learly  ir*is  Conn-  l  lx  g oxc 
\ 

in  any  simple  manner — a  large  number  of  associated  triplets  P_  ,  P*  and  ? 

R  :  o 

•  riva . -  i . e  cas  .  . 

R  f  a 

ggqoc  con*p lica l ion  is  tiiat  i  viixi  *  arc  not  inGopGnQGnt  oGcaust  i1  gqs 

ia  a 

been  assimilated  into  the  analyt  U  wl  ich  ;  .  duced  P.  . 


verity  ;  ,  P  and  or  P  wit;. out  -mow in 

t  a  d 


An  approach  sometimes  adopted  .s  to  assume  that  observations 

"true"  (i.e.,  equal  to  P  ) ,  and  that  any  cificivnce  between  P  and  P 

h  o  : 

lue  t  "analysis  error"  .  An  alternative  approach  is  to  argue .  .... 

be  a  better  estimate  or  P,  than  P.  because  P.  is  based  on  more  m.ormam  n; 

R  o 

thus  any  difference  between  P  and  F.  is  cue  to  "observational  error".  C ; 

o  t 

course  neither  of  these  approaches  is  correct.  Both  P*  and  P  (or  P  have 

t  o  a 

associated  variances  relative  to  p  ,  and  to  assume  that  either  variance  is 
zero  produces  misleading  "results". 


The  subject  and  problems  of  field  verification  have  been  discussed 
in  more  detail  by  lloli  [8]  .  Based  on  this  study  a  statistical  veri. .cation 
package  for  general  use  has  been  developed. 

Figure  38  shows  an  example  of  the  type  of  output  generated  by  an  early 
version  ot  ads  veri.tcai.ion  package,  it  is  cased  on  a  comparison  or  o\\  .  ■ . 
snip  reports  (3)  with  analyzed  values  (F)  at  the  same  location.  Paired  vaPucs 
of  P  and  B  are  divided  into  classes  of  _  1.5^  C  centered  on  multiples  oi  3  C. 
Thus  there  were  10  cases  where  an  observed  value  of  12° C  (actually  10.5  to 
13. 5° C)  corresponded  to  an  analyzed  value  of  15°C,  16  cases  where  an 
analyzed  value  of  12°C  corresponded  to  an  observed  value  of  15° C, 
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Figure  36  Verification  statistics  for  observed  (B)  and  corresponding  field  (F) 
values  of  SST  using  dependent  observations .  The  analysis 
system  used  is  not  the  EOTS  system.  Note  that  gross  errors 
in  observations  have  not  been  eliminated — see  text. 
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o  ,  , 

and  35  crises  where  both  analysed  and  observed  values  were  Id  G.  Two 
points  may  be  noted: 

a.  figure  3b  is  not  based  on  the  HOTS  system  but  on  an  earlier 
(circa  1970)  FIB- based  SST  analysis  capability. 

b.  All  observed  data  falling  within  the  scatter  diagram  limits  ate 
shown,  including  obvious  gross  errors,  ['or  example  there  is 
an  analysed  value  of  24'  G  where  t’nere  is  a  reported  value  ot 
3°C,  an  obvious  gross  reporting  error  (perhaps  of  20  G?). 

(To  remove  gross  errors  the  differences  I  1 1  —  l>  I  may  be 
sorted  in  descending  order  and  a  suitable  number  (or  percentage) 
eliminated. ) 

Based  on  paired  values  ot  F  and  B  a  variety  of  statistics  are 
calculated.  These  are  shown  in  Fig.  3i>.  The  veriiication  statistics  must 
be  interpreted  with  caro--conclusions  which  may  seem  "intuitively  obvious" 
are  often  invalid. 


CONCLU DI \G  COM  ML' NTS 


6 . 


As  will  be  appreciated  by  study  of  the  cited  reports,  the  1’ields  by 
Information  Blending  analysis  methodology  has  been  developed  over  many 
years.  I  ins  Report  has  traced  the  concepts  and  formulations  of  i’IB  from 
tust  principles  to  their  application  in  a  comprehensive  and  flexible  system 
for  the  analysis  of  ocean  thermal-structure--the  COTS  analysis  system, 
lhe  primary  objective  has  been  to  provide  knowledge  and  understandine  of 
the  CO i'S  system  and  its  capabilities,  including  some  yet  to  be  realised. 

A  secondary  objective  has  been  to  generate  an  appreciation  of  the  general 
appl icability  01  the  FIB  methodology  to  the  analysis  of  a  wide  range  of 
environmental  parameters,  many  of  which  have  been  mentioned  in  the  text. 

Any  analysis  system  based  on  FIB  methodology  is  "open  ended"-- 
refinements  can  be  made  as  the  need  (or  the  ability  to  do  so)  arises. 
Refinements  can  range  from  provision  of  new  capabilities  to  special 
treatment  of  geophysical  phenomena.  A  refinement  currently  (June  1979) 
being  made  is  intended  to  remove  analysis  inconsistencies  caused  at 
certain  times  of  the  year  by  the  discontinuous  advance  and  retreat  of  the 
reported  polar  ice  boundary.  A  refinement  recently  completed  was 
concerned  with  "coastal  smoothing"  where  the  spreading  of  information 
may  be  unduly  limited  by  the  SCO  field.  The  capabilities  for  producing 
vertical  temperature  cross-sections  such  as  shown  in  Fins.  28  and  2  9 , 
and  for  producing  vertical  and  horizontal  sound  speed  fields  such  as 
shown  in  Figs.  33,  34  and  35,  represent  additions  to  the  evolving  LOTS 
analysis  system--they  were  not  part  of  the  v  ...... .nl  system. 

Refinements  yet  to  be  made  include  due  utilisation  of  bathymetry  in 
horizontal  analyses  (i.e.,  a  depth-variable  SOP  field)  and  in  vertical 
blending,  and  the  production  of  PITS  based  on  an  effective  prediction  model 
when  one  becomes  available.  It  can  be  seen  that  the  LOTS  analysis  system, 
because  of  its  inherent  flexibility,  is  capable  of  continuous  development. 
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With  regard  to  analysis  resolution,  any  desired  degree  o;  herizoiu.il 
resolution  may  be  specified  although,  of  course,  this  should  be  w.uruuie.; 
by  the  information  available  for  analysis.  Vertical  resolution  currently 
determined  by  the  fixed  and  floating  levels  described  in  Section  5.  Set:;.. 
aside  any  problems  due  to  computer  resources  the  vertical  resolution  c«.  ulu 
be  increased  to  accommodate,  for  example,  not  only  the  primary  layer  d>  .. 
but  also  secondary  layer  depths,  one  of  which  may  be  the  MLD.  1  Cie.u  h- 
secondary  layer  depths  may  not  be  sufficiently  resolvable  tin  the  ce.ntex; 
of  the  object  scale  of  analysis  resolution  m  space  and  time)  to  warrant 
added  effort — it  remains  to  be  shown  that  sufficient  information  is  »ivuH...  ie 
for  establishing  the  space-and-time  continuum  of  secondary  layer  depths. 
Providing  finer  spacing,  or  other  thermal-structure  parameters,  must  be 


justified  on  the  basis  of  increasing  the  *1-D  analysis  resolution  yield. 

In  this  Report  little  mention  has  been  made  of  applications  of  the 
POTS  analysis  system.  Its  primary  intended  purpose  is  to  enhance  the 
surface  and  sub-surface  capabilities  of  the  operational  Li.  S.  Navy  by 
providing  a  real-time  knowledge  of  ocean  thermal-structure  (and  hence 
sound  propagation)  conditions.  However  there  are  many  other  potential 
applications  including  commerce,  air-sea  interaction  studies ,  climate-trend 
studies,  case  studies,  and  so  on.  Very  comprehensive  global  data  bases 
of  environmental  observations  (including  SST  and  ocean  soundings  of  all 
types)  are  available.  The  authors  would  be  pleased  to  discuss  any 
application  of  the  EOTS  analysis  system  and  its  products ,  as  well  as  any 
other  FIB-based  analysis  system,  either  realised  or  potential. 


It  will  be  appreciated  that  the  PLD  may  or  may  not  be  the  MLP. 

For  example,  in  the  morning  the  two  may  be  the  same.  However  the 
development  of  an  "afternoon  effect"  may  provide  a  shallow  mixed  layer 
(typically  20  feet  or  so  in  mid-latitudes).  No  groat  distance  away,  cloudy 
weather  or  high  winds  (say  20  knots  or  more)  may  preclude  an  afternoon 
effect.  Overnight  such  a  "transient  thermcciine"  often  dissipates,  it  can 
be  seen  that  analyzing  such  a  feature  would  provide  a  very  "noisy"  field 
with  no  significant  continuity  in  space  and  time. 


